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In order to understand the reactivity of lanthanide metal cations, we developed 
model compounds of cerium(III) acetylide complexes and strongly stabilized Ce(IV) 
complexes. Using a framework with aryloxide ligands including pendant amine groups, 
heterobimetallic cerium(III) complexes with one coordination site, one alkali metal cation 
and three supporting ligands were prepared. Coordination of an acetylide functional 
group resulted in the first structurally characterized cerium(III) acetylide complex. Using 
the stabilized cerium(III) acetylide complex, carbonyl addition reactivity was observed, 
where the resulting products were fully characterized.  
A redox non-innocent ligand framework was developed and shown to stabilize an 
unusual oxidation states. The redox active, multidentate ligands were namely applied to 
cerium(IV) and other lanthanide metal cations. Electrochemical analysis revealed 
reversible redox waves, speaking to their stability upon oxidation. Isolated metal 
complexes of the redox active nitroxide ligand, obtained from chemical oxidation 
reactions, were characterized by X-ray crystallography, confirmed the electrochemical 
assignment. 
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Chapter 1:  
Background, Motivations and Objectives   
1.1 Motivations for studying the molecular chemistry of cerium(IV) and lanthanide 
metal cations 
The rare earth (RE) metals have unique chemical and physical properties that are 
used in a variety of important technologies, including wind turbines, catalytic converters, 
and displays.1 However, supply problems of RE metals have been reported in recent 
years. A chief aspect of the supply chain is the numerous extraction steps of the current 
separation processes required  to isolate the RE metals with sufficient purity.1a, 2 In order 
to improve separations and expand the application of the RE metals in emerging 
technologies, a fundamental understanding of RE metal chemistry is critical. 
Organic transformations take advantage of the strong Lewis acidity of the 
tripositive cations of the lanthanide series. For example, improved selectivity has been 
observed in carbonyl addition reactions using organocerium reagents.3 In-situ prepared 
organocerium(III) hydrocarbyl reagents: CeCl3/RLi or RMgBr, convert ketones to tertiary 
alcohols even in cases of highly acidic ketones, such as acetone or β-tetralone. Such 
chemistry is also highly selective for 1,2-addition over 1,4-addition products.4 Due to the 
lack of knowledge about the structures of the active species,3 it has only been possible to 
make incremented improvements in organocerium reagents.5 The major issues with the 
use of these reagents have not been addressed due to the lack of knowledge about the 
structure of the active species.3 This dissertation focuses on model studies of trivalent and 
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tetravalent lanthanide metal complexes for elucidating their rational reactivity for 
potential application in separation chemistry and organic synthesis. 
Along with the use of lanthanide metal cations in organic chemistry, the 
stabilization of tetravalent cerium in well-defined organometallic complexes is of 
growing interest in the field of organolanthanide chemistry. For example such studies 
inform our ability to assess other lanthanide cations, namely Pr and Tb in a tetravalent 
state.6 Cerocene, Ce(C8H8)2, has been rigorously investigated for its unique electronic 
configuration of the ground state, an admixture of Ce(III, 4f1)[(C8H8)1.5–]2 and Ce(IV, 
4f0)[(C8H8)1–]2 electronic configuration.7 Applying this property to the analogous 
lanthanide cations was extensively studied theoretically8 and experimentally.9 However, 
upon oxidation of Pr(III) complex, only trivalent Ln(III) complex in addition to 
decomposition products due to insufficient Ln(IV) complex stability.9 Therefore, this 
dissertation focuses on design of multidentate ligands with electron rich and redox active 
functional groups and their rare earth metal complexes. The electron rich, hard anions 
together with the chelate effect mitigated undesirable reaction pathway and produced 
target complexes that were milestone on the road to isolating true Pr(IV) and Tb(IV) 
molecular compounds. 
1.2. The nature of the rare earth elements 
The rare earth elements (REE) are Sc, Y and La–Lu, metals that exist 
predominantly in the trivalent oxidation state in their molecular chemistry.10 Cerium is 
abundant in the earths crust compared to ruthenium or palladium, and is comparable in 
abundance to copper and zinc (Figure 1.1.1). 
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Figure 1.1.1. Natural abundance of the elements in the earth’s crust (Haxel, G. B., et al. 
U.S. Geological Survey, 2005, Fact Sheet 087-02). Figure adapted with permission from 
the USGS © 2005. 
 
However, because of chemical similarities with neighboring lanthanide metal 
cations, it is difficult to separate each rare earth metal from their ores selectively.  
A key characteristic that differentiates lanthanide metal cations from transition 
metals is the presence of partially filled 4f orbitals in the former. Many physicochemical 
properties derive from electrons in the 4f subshell, in particular due to their large orbital 
angular momentum. As shown in Figure 1.1.2,11 the 4f orbitals are largely contracted so 
that they do not significantly participate in metal-ligand bonds.10-11 Therefore, lanthanide 
metal cation–ligand bonds are primarily ionic and non-directional, in contrast to 
transition metal–ligand bonds. For lanthanide complexes it is difficult to predict 
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coordination numbers, which are typically high numbers 6–12. The “core-like” nature of 
4f orbitals means that lanthanide metal cations, in terms of electronic structures, behave 
like free ions where S and L are not good quantum number. Such distinct electronic 
properties are excellent for technologies including permanent magnet, sensors, imaging 
probes and MRI contrast agents.  
 
Figure 1.1.2. Calculated radial distribution functions for Sm3+. Figure reprinted with 
permission from Dalton Trans., 2004, 2387–2393, Copyright 2004, The Royal Society of 
Chemistry. 
 
The lanthanide contraction is another important characteristic of the series of 
lanthanide metals. Because of the poor shielding of 4f orbitals that leads to larger 
effective nuclear charges, the radii of the tripositive lanthanide metal cations gradually 
decreases across the series of the lanthanides.10-12 Thus, for the Ln(III) oxidation state, the 
late lanthanide metal cations are stronger Lewis acid than the early ones.  
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Due to their highly positive charge, acid hydrolysis of solvated lanthanide metal 
cations is energetically strongly preferred. Hydrolysis enthalpies range from –783.5 
kcal/mol (for La) to –845.6 kcal/mol (for Lu).10 The enthalpies gradually increase across 
the series of lanthanides due to the increasing charge density at the cations. Large 
exothermic hydrolysis leads to difficulty in drying lanthanide metal salts. For example, 
the general procedure of preparing anhydrous CeCl3 uses NH4Cl where the NH4+ cation 
attacks water to make volatile H2O and NH3 at high temperature and reduced pressure.13   
Having ionic character with high charge density, lanthanide metal cations are 
largely oxophilic.10 Comparing the strengths of Ln–O and Ln–C bonds, studied using 
(C6H5)2SmIII–X, the bond dissociation energy of SmIII–OtBu was 82.4 kcal/mol and that 
of SmIII–CH(SiMe3)2 was 47.0 kcal/mol.14 Thermodynamically favorable Ln–O bonds 
often replace Ln–C bonds easily. For example, when Cp2Yb(CH3)(THF)/LiCl(THF)x was 
heated in toluene, the existing THF molecules in the metal complex were decomposed to 
the enolate, –OCH=H2 resulting from the attack by the –CH3 nucleophile on one of the 
THF carbon atoms to evolve ethylene as the corresponding byproduct (Scheme 1.2.1).15 
 
 
Scheme 1.2.1. Formation of enolate from THF. Reprinted with permission from 
Organometallics, 1986, 5, 1291–1296, Copyright 1986, American Chemical Society. 
 
Thus, the formation of Ln–C bonds are often performed at cold temperatures, –20 
˚C or below.4a, 16 Further, often in the lanthanide catalyzed organic reactions, such as 
Cp2Yb(CH3)(THF)/LiCl(THF)x
toluene
reflux, 72 h
–H2C=CH2
[Cp2Yb(µ–OCH=CH2)2]2
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hydroamination or hydroalkoxylation, the formation of such energetically unstable Ln–C 
bonds is the turnover-limiting step, where the overall reactions are largely driven by the 
subsequent step, the protonolysis of the Ln–C bonds.14a, 17 
1.3. Tetravalent rare earth metal cations 
The oxidation state of rare earth metal cations is predominantly trivalent 
throughout their chemistry.10 Tetravalent states are limited to cerium,18 praseodymium in 
BaPrO319, terbium in fluorinated materials such as TbF420 or Li2TbF621 and dysprosium in 
BaZr0.8DyxY0.2–xO3–δ, a perovskite-type oxide.22  
In the molecular chemistry, cerium is the only metal cation that has a readily 
accessible tetravalent state.10, 23 The sum of the ionization potential I1+I2+I3+I4 gradually 
elevates gradually along the series of Ln starting from Ce (the La shows higher energy 
than Eu or Lu, due to removal of electron from [Xe] electronic configuration), due to the 
increasing charge density on the metal center. Among the series of lanthanide metals, 
cerium has the lowest sum of ionization energies, I1+I2+I3+I4, required for the Ce(IV) 
state.23 The energy for Tb(IV) drops, due to the formation of the stable configuration 4f7, 
according to Hund’s rules.23  
The only reports of solution characterization of tetravalent lanthanide metal 
complexes were those by Hobart and coworkers.24 Aqueous solution of praseodymium 
and terbium trichloride salts were ozonated and the color of solutions turned from pale 
green (Pr) and pale yellow (Tb) to bright yellow (Pr) and dark yellow-brown (Tb). UV-
Vis spectroscopy of the resulting solution revealed broad bands at 283 nm and 365 nm 
for the Pr and Tb cations respectively, which presumably resulted from ligand-to-metal 
charge transfer, indicating the presence of Pr(IV) and Tb(IV) cations.24  
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Redox potentials of Ln(IV) cations were estimated by Nugent and coworkers, 
using lanthanide hexahalide complexes that were correlated by the experimentally 
measured Ce(IV/III) and An(IV/III) couples together with spectroscopic data.25 Table 
1.3.1 shows their values that were referenced to Fc/Fc+. 
Table 1.3.1. Estimated redox potentials of Ln(IV/III). Reprinted with permission from 
Electrontransfer and f → d absorption bands of some lanthanide and actinide complexes 
and the standard (III–IV) oxidation potentials for each member of the lanthanide and 
actinide series, J. Inorg. Nucl. Chem., 1971, 33, 2503–2530, Copyright 1971, Elsevier. 
 
Ln(III) E˚ (IV–III) (V vs. Fc/Fc+) 
Ce 1.3 
Pr 2.8 
Nd 4.0 
Pm 4.3 
Sm 4.7 
Eu 5.9 
Gd 7.5 
Tb 2.7 
Dy 4.5 
Ho 5.6 
Er 5.7 
Tm 5.7 
Yb 6.9 
Lu 8.7 
 
The tetravalent cerium cation has a [Xe]4f0 configuration and its ionic radius is 
reduced from 1.143 Å (Ce(III), 8 coordination number) to 0.97 Å.26 Unlike the Ce(III) 
cation, the Ce(IV) cation shows intense colors that arise from ligand-to-metal charge 
transfer (LMCT) transitions.27 In spectroscopic analyses, the LMCT bands for Ce(IV) 
complexes can be observed in the visible range and resonances consistent with 
diamagnetic compounds are observed by NMR spectroscopy.  
Stabilization of the tetravalent state of cerium cations has been investigated in 
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organolanthanide chemistry.6a, 28 This field was reviewed by Piro and coworkers.29 
Strategies include the use of ligands with electron rich and hard anions,6, 28b, 30 engaging 
alkali metal cations to tune redox potentials,31 exploiting sterically encumbered ligands32 
or multidentate ligands.33 Electrochemical analysis showed that the Ce(IV/III) redox 
potentials can be shifted by more than 3 V toward more reducing potentials, e.g. Ce(2-
tBuO-py)4 E1/2 = –1.49 V versus SCE,30a compared to those of aqueous acidic conditions 
at Ce(ClO4)8 E1/2 = +1.63 versus SCE in 8 M HClO4.34  
1.4. Cerium in organic transformation reactions 
While cerium has been studied extensively for its rich redox activity, Cerium(III) 
cations also have been applied to organic transformation reactions, using its strong Lewis 
acidity. Practically, ceric ammonium nitrate ([NH4]2[Ce(NO3)6], CAN) has been used in 
wide range of organic reactions, namely for oxidative transformations.35 Regarding its 
highly oxidizing nature,29, 34-35 the role of CAN in organic chemistry is chiefly as a 
powerful single electron oxidant. It is also potentially selective reagent, CAN showed 
chemoselectivity on demethylation reactions.3a For example, 1,4,5,8-
tetramethoxynaphthalene was oxidized selectively (Figure 1.4.1);36 the oxidation 
occurred at more electron rich sites. When the 2 position was substituted with hydrogen 
or electron donating group, (–CH2OH), the ring A became easier to oxidize, whereas 
when substituted with electron withdrawing groups, ring B was oxidized.  
Figure 1.4.1. Demethylation reaction of 1,4,5,8-tetramethoxynaphthalene by CAN. 
Reprinted with permission from Chem. Rev., 1992, 92, 29–68, Copyright 1992, American 
Chemical Society. 
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Among various types of organic transformations, reduction reactions of carbonyls 
take advantage of the rare earth metal cations to form carbon-hydrogen or carbon-carbon 
bonds. Luche and coworkers firstly established the carbonyl reductions to form secondary 
or tertiary alcohols using lanthanide metal cations.37 The chemistry was initiated with the 
observation of the hydrogen gas evolution when NaBH4 was added an alcohol solution of 
the mixture of 2-cyclopentenone and lanthanide metal salts. The resulting organic 
compound was identified as the selectively reduced 2-cyclopentenol. Following this 
observation, the same reaction was carried out with various Lewis acidic metal cations 
(Table 1.4.1).  
Table 1.4.1. Reduction of 2-cyclopentenone with NaBH4 in methanol in the presence of 
metallic salts. Reprinted with permission from J. Am. Chem. Soc, 1981, 103, 5454–5459, 
Copyright 1981, American Chemical Society. 
 % of product 
OMe OMe
R
OMeOMe
cat. CAN
MeCN, H2O
OMe O
R
OOMe
+
O OMe
R
OMeO
R
H
CH2OH
COMe
CHO
% Isolated yield
70 0
75 13
7 77
0 85
AB
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Ions 
    
La(III) 0 90 0 10 
Ce(III) 0 97 0 3 
Sm(III) 0 94 0 6 
Eu(III) 0 93 0 7 
Yb(III) 0 89 0 11 
Y(III) 0 86 0 14 
Li(I) 0 1 0 99 
Cu(I) 2 6 4 88 
Ba(II) 7 6 11 76 
Zn(II) 90 trace 7 3 
Fe(II) 19 12 9 60 
Fe(III) 33 5 8 4 
Ti(III) 86 2 8 4 
Ni(II) 18 0 76 6 
Co(II) 27 0 61 12 
 
All the rare earth metal cations yielded nearly quantitative amounts of the 1,2-
adduct, whereas alkali (Li+), alkaline earth (Ba2+) or transition metal cations (Cu+, Zn2+, 
Fe2+, Fe3+, Ti3+, Ni2+ and Co2+) produced mixtures. Even using metal cations with similar 
positive charges (Fe3+ or Ti3+) to the RE3+ showed largely unreacted starting material (2-
cyclopentenone). This selectivity was maintained even in the presence of air and 
moisture.  
The carbonyl addition reaction for the formation of carbon-carbon bonds specific 
to organocerium reagents were established and expanded by Imamoto and coworkers.4, 16 
The reactions of hydrocarbyl lithium or Grignard reagents with cerium(III) halides 
generated organocerium reagent in situ, that were formally “RCeX2” materials (R = 
hydrocarbyl groups and X = Cl or I). Using cerium(III) is attractive in such application 
O OH O OH
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due to its abundance and low price compared to other lanthanide cations, such as Sm3+ or 
Yb3+.3b, 16 The organocerium reagents were treated with one equiv of carbonyl 
compounds, ketones or aldehydes, to produce secondary or tertiary alcohols through 
nucleophilic additions.3a, 4, 16 The reactivity characteristics of organocerium reagents are 
1) formation of electron poor carbonyl carbon centers through the interaction of the 
strong Lewis acid, Ce(III) with carbonyl groups, activating the carbonyl toward 
nucleophiles and 2) generation of ‘mild’ alkyl-cerium groups through coordination to the 
strong Lewis acids. Taking advantage of those attributes, organocerium reagents have 
been applied to convert highly enolizable ketones or to produce 1,2-adducts selectively 
over 1,4-adducts in higher yield and higher selectivity than the outcomes from other 
Lewis acids. 
Although organocerium reagents are excellent for the organic reactions, they are 
not without problems. Unlike the Luche reduction reactions, organocerium reactions are 
performed under cold temperatures with air- and moisture-free conditions due to the use 
of pyrophoric reagents. Therefore, the rigorous drying of CeCl3 is one of the procedures 
in preparing organocerium reagents in order to insure the formation of desired products. 
However, Evans and coworkers noted that, despite following the reported drying 
procedure, water could still be detected accompanying ‘dry’ CeCl3 by Karl-Fisher 
analysis and X-ray crystallography, as in [Ce(µ–Cl)3(THF)(H2O)]n.13  
A more fundamental question centers on the nature of organocerium reagents. 
Conveniently, their formal representation as “RCeCl2” has been used in organometallic 
chemistry, but the structure of the active species are currently unknown. Polymeric 
structures, RM!CeCl3 or Schlenk equilibria leading to multiple species cannot be ruled 
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out for the cerium congener.3a The use of these sometimes pyrophoric reagents and their 
instability at room temperature has hampered the identification. Therefore, in this 
dissertation, we pursued the synthesis of stable cerium–alkyl complexes to study their 
reactivities in carbonyl addition reactions.  
1.5. Outline of this dissertation 
Chapter 2 includes the synthesis and characterization of cerium(III) acetylide 
complexes that were used in carbonyl addition reactions to mimic the Imamoto’s 
organocerium reagents. Highly enolizable ketones, whose pKa’s ranged from 26.5–19.4 
and 13,38 were treated with a cerium(III) phenylacetylide complex. Insertion products 
were isolated from the ketones up to pKa = 19.4 and enolization was found for the ketone 
that had a pKa = 13. Structural characterization of cerium(III) compounds as well as 
electrochemical analysis for cerium acetylide complex was performed to evaluate 
structural properties.   
Chapter 3 reports the synthesis of heterobimetallic cerium(III) complex with 
coordination of ortho-substituted phenoxides with varying sterics of the substituents. 
Structural and spectroscopic characterization was used to identify their solid and solution 
structures. Electrochemical analysis was performed to evaluate the differences in the 
heterogeneous electron transfer rates and the coordination of sterically encumbered 
ligands.  
Chapter 4 describes the synthesis of a new bidentate nitroxide ligand and its 
coordination to cerium(IV) and lanthanum(III) cations. Structural, electrochemical and 
spectroscopic analysis demonstrated the stability of the cerium(IV) and lanthanum(III) 
complexes upon oxidation on the electrochemical time scale. DFT calculations were 
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additionally performed to support the assignment of the experimental results. 
Chapter 5 moves beyond the coordination chemistry of cerium to explore new 
compounds of praseodymium(III), terbium(III), yttrium(III) in the arene-diNOx2– ligand 
framework, as well as that of tridentate analogue, the arene-triNOx3– ligand. 
Additionally, the terbium(III) congener was oxidized and the resulting product was 
isolated and structurally characterized. Magnetization studies were used to evaluate the 
oxidation state of the complex. Electronic structures were studied using DFT 
calculations. 
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Chapter 2:  
The first structurally characterized cerium(III) 
acetylide complex and its carbonyl addition reactivity 
with highly enolizable ketones 
2.1. Abstract 
We report the first structurally characterized terminal cerium(III) acetylide 
complexes, Na[Ce(C≡CPh)(bdmmp)3] (2.2–Ph) and Na[Ce(C≡CSiMe3)(bdmmp)3] (2.2–
TMS), isolated from the salt metathesis of NaC≡CSiMe3 and NaC≡CPh with 
Na[Ce(OTf)(bdmmp)3] (2.1; bdmmp− = 2,6-bis-(dimethylamino)-4-methylphenolate). 
Additionally, carbonyl addition reactivity was performed using 2.2–Ph on substrates with 
variable of pKaDMSO, acetone (pKaDMSO = 26.5), acetophenone (pKaDMSO = ~24.7), 
benzylideneacetone (pKaDMSO = ~21.5), 1,1-diphenylacetone (pKaDMSO = ~19.4) and β–
tetralone (pKaDMSO = ~13). The resulting products were structurally characterized, which 
showed the corresponding carbonyl adducts were produced up to pKaDMSO = ~19.4. The 
limit of the Na[Ce(C≡CPh)(bdmmp)3] (2.2–Ph) insertion reaction was observed using the 
ketone at pKawater = ~13. Despite the limit of the NaCebdmmp framework, our 
observation supported the hypothesis that carbonyl addition reactions can be controlled 
and studied by tuning the sterics at cerium complexes. 
2.2. Introduction   
Cerium compounds have been used extensively with carbonyl substrates for 
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organic transformations such as reduction reactions, for carbon-hydrogen or carbon-
carbon bond forming reactions of secondary and tertiary alcohols.1,2 For example, the 
Luche reduction uses cerium trihalides as Lewis acid to reduce carbonyl groups to 
alcohols.3 Organocerium(III) hydrocarbyl reagents, CeCl3/RLi, react with ketones to form 
tertiary alcohols.2 The formation of propargylic alcohols, which could be achieved from 
the reaction CeCl3/RLi (R = alkynyl group), one of resulting products, are well known as 
good building blocks for the synthesis of natural products.2c, 4 Due to their non-basic 
nucleophilicity, these cerium driven reductions occur selectively, even for ketones that 
readily undergo enolization or pinacol coupling (Scheme 2.2.1). Also, for ketones with 
electrophilic functional groups, such as C=C or C≡C, the cerium hydrocarbyl reagents are 
selective for produce 1,2-adducts over 1,4-adducts.2a 
Scheme 2.2.1. Example of 1,2-carbonyl addition of RCeCl2 (R = mesityl), with an 
enolizable ketone substrate. Adapted with permission from Organometallics 2014, 33, 
5948-5951, Copyright 2014, American Chemical Society. 
 
 
 
Despite the importance of organocerium reagents,5 their usage is not without 
problems. For example, in the reported total synthesis of the marine natural product (−)-
atrop–abyssomicin C selective carbonyl insertion with a cerium-acetylide reagent was 
impeded by the competitive formation of an enone.6 Further, Evans and coworkers 
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studied the purity of the cerium chloride dried by reduced pressure at high temperature 
and addressed the impurities that can be produced from water bound at the cerium metal 
ion.7 Despite their extensive use, in terms of understanding and improving organocerium 
reagents, there is a notable shortage of X-ray structural information on species prepared 
from CeCl3 and RLi or RMgX, R = –hydrocarbyl.7 The absence of structural information 
has limited a detailed understanding of the selectivity and effectiveness of organocerium 
reagents along the insertion reaction coordinate.1m, 1n  
Acetone insertion with f-element metal complexes showed various results, due to 
the susceptibility of acetone to enolization. Teuben and coworkers reported ketone 
insertion reactions with cerium complexes, where enolation reactions occurred instead of 
insertion when Cp*2CeR (Cp* = 1,2,3,4,5-pentamethylcyclopentadienide, R = –
CH(SiMe3)2) was reacted with acetone (Scheme 2.2.2).8 The existence of an enolate 
intermediate species, which reacted further with a second equivalent of acetone to form a 
new C–C bond through aldol condensation.9 
Scheme 2.2.2. Enolation of acetone using Cp*2Ce(CH(SiMe3)2). Reprinted with 
permission from Organometallics, 1992, 11, 350–356, Copyright 1992, American 
Chemical Society. 
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Scheme 2.2.3. (a) Enolation of acetone using Tp2*U(C≡CPh) (b) Carbonyl addition of 
acetone using U(CH2Ph)4. Reprinted with permission from Organometallics, 2011, 30, 
5753–5762, Copyright 2011, American Chemical Society and Organometallics, 2013, 32, 
3279–3285, Copyright 2011, American Chemical Society. 
 
Insertion reactions on the complexes with U–C bonds have also been studied.10 
Bart and coworkers tested the reactivity of two different uranium complexes with 
acetone: Tp*2U(C≡CPh)11 (Tp* = bis(hydrotris(3,5-dimethylpyrazolyl)borate) and 
U(CH2Ph)412 (Scheme 2.2.3(b)). Reaction of Tp*2U(C≡CPh) with acetone produced an 
enolate, Tp*2UOC(CH3)CH2, where the deprotonation of the α-proton on acetone led to 
subsequent rearrangement (Scheme 2.2.3(a)). The reactivity of acetone with U(CH2Ph)4, 
however, resulted in the addition of a benzyl group to the acetone (Scheme 2.2.3(b)). 
Carbonyl group insertion was favored over deprotonaton, in spite of the stronger basicity 
of the benzyl group (pKaDMSO = ~43) relative to phenylacetylide (pKaDMSO = ~28.8). The 
difference in reactivity between the two organouranium complexes was attributed to the 
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difference in steric hindrance on the metal center.12 The two large Tp* ligands prevented 
the access of acetone to the metal center, resulting in the acid-base reaction between the 
hydrocarbyl group and the ketone. We hypothesized that smaller hydrocarbyl group than 
–CH(SiMe3)2 would provide more access for ketone substrates to the cerium metal center 
and favor the insertion reaction over formation of the enolate.  
Based on a clear need for information on (RLi or RMgX)/CeCl3 reagents, we 
hypothesized that a model system would afford a simplified study of the role of the 
cerium cation in the addition process. In this context, we sought to develop cerium 
chemistry with 2,6-bis(dimethylamino)-4-methyl-phenolate (bdmmp–) ligands, to provide 
organocerium moieties within a flexible coordination framework.  
Heterobimetallic rare earth metal complexes with 2,6-bis(dimethylamino)methyl-
4-phenolate (bdmmp–) were first reported by the van Koten group for Lu(III) and 
Y(III).13 Wang and coworkers also reported heterobimetallic copper-lanthanide 
complexes of bdmmp using Pr(III) and La(III).14 We expected that the pendant amino 
groups of the bdmmp– ligands would coordinatively saturate the cerium(III) metal center, 
preventing oligomerization while retaining an anionic ligand at the cation. We also 
reasoned that the pendant amino groups on the bdmmp– ligands would contribute to 
forming stable structures, while also being labile enough to afford an insertion reaction at 
the cerium cation.  
2.3. Results and discussion 
2.3.1. Synthesis and structural characterization     
For the preparation of a heterobimetallic bdmmp cerium complex, three equiv 
Nabdmmp were treated with one equiv Ce(OTf)3 to produce Na[Ce(OTf)(bdmmp)3] (2.1, 
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Scheme 2.3.1), which was obtained as pale yellow crystals from a saturated toluene 
solution.  
Scheme 2.3.1. Synthesis of Na[Ce(OTf)(bdmmp)3] (2.1). Adapted with permission from 
Organometallics 2014, 33, 5948-5951, Copyright 2014, American Chemical Society. 
 
 
 
Figure 2.3.1. Thermal ellipsoid plot of Na[Ce(OTf)(bdmmp)3] (2.1) at 30 % probability. 
Hydrogen atoms and interstitial solvents have been omitted for clarity. Selected bond 
distances: Ce(1)–O(1) 2.310(3) Å, Ce(1)–O(2) 2.280(3) Å, Ce(1)–O(3) 2.316(3) Å 
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Ce(1)–O(4) 2.571(3) Å. Adapted with permission from Organometallics 2014, 33, 5948-
5951, Copyright 2014, American Chemical Society. 
 
The X-ray structure of 2.1 (Figure 2.3.1) revealed that three phenolate ligands and 
one triflate ion were bound to the cerium(III) cation, with a sodium cation supported by 
bdmmp– pendant tertiary amines for charge balance. The Ce–Obdmmp bond distances 
ranged from 2.280(3) Å to 2.316(3) Å. The Ce–OOTf distance of 2.571(3) Å was similar 
to the reported cerium(III) complex, [Ce(OTf)2(terpy)2(H2O)]+ terpy = 2,2';6',2"-
terpyridine.15 The triflate ion, coordinated in a bridging mode between the Ce3+ and Na+ 
cations in 1, showed a characteristic resonance at –84.4 ppm in the solution 19F NMR 
spectrum (see Figure 2.7.2). Having isolated a viable heterobimetallic complex 
comprising a single cerium cation, we next examined the exchange of the triflate anion 
with hydrocarbyl groups.  
Scheme 2.3.2. Preparation of Na[Ce(C≡CR)(bdmmp)3] (R= –Ph (2.2–Ph) and –SiMe3 
(2.2–TMS). Adapted with permission from Organometallics 2014, 33, 5948-5951, 
Copyright 2014, American Chemical Society. 
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Figure 2.3.2. Thermal ellipsoid plot of Na[Ce(C≡CR)(bdmmp)3] (R = –SiMe3 (2.2–
TMS) and –Ph (2.2–Ph)) at 30 % probability. Hydrogen atoms and interstitial solvent 
were omitted for clarity. Selected bond distances and bond angles: (2.2–TMS) Ce(1)–
O(1) 2.3531(17) Å, Ce(1)–O(2) 2.3018(16) Å, Ce(1)–O(3) 2.3354(16) Å, Ce(1)–C(40) 
2.674(3) Å, C(40)–C(41) 1.218(4) Å and Ce(1)–C(40)–C(41) 173.6(2)˚; (2.2–Ph) Ce(1)–
O(1) 2.329(5) Å, Ce(1)–O(2) 2.304(5) Å, Ce(1)–O(3) 2.332(5) Å, Ce(1)–C(40) 2.652(9) 
Å, C(40)–C(41) 1.212(12) Å and Ce(1)–C(40)–C(41) 174.4(8)˚. Adapted with permission 
from Organometallics 2014, 33, 5948-5951, Copyright 2014, American Chemical 
Society. 
 
Compound 2.1 was treated with NaC≡CR (R = –Ph and –SiMe3) in THF to form 
Na[Ce(C≡CR)(bdmmp)3] (2.2, R = Ph and SiMe3) (Scheme 2.3.2, Figure 2.3.2), whose 
formation was conveniently monitored using the appearance of NaOTf with 19F NMR 
spectroscopy. The complexes 2.2 were crystallized from toluene at –35 ˚C. To the best of 
our knowledge, 2.2 represent the first terminal Ce(III) acetylide complexes that have been 
structurally characterized. 1H NMR spectroscopy of 2.2–Ph in benzene-d6 showed 
paramagnetically shifted peaks at 15.6 (o–PhCC–), 10.3 (m–PhCC–) and 9.63 (p–PhCC–
) ppm for the phenyl group of the acetylide ligand. The 1H NMR spectrum of 2.2–Ph also 
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revealed an unsymmetrical environment for the –NMe2 groups; resonances for the –
NMe2 protons proximate to the CeIII cation appeared at –3.62, –5.67, –7.56 and –14.5 
ppm, while those proximate the Na+ cation appeared at 6.71 ppm. The 1H NMR 
spectroscopy of 2.2–TMS also showed similar –NMe2 resonances at –3.22, –5.31, –7.01 
and –13.58 ppm.  
The solid-state structures of 2.2 revealed effectively linear phenyl acetylide 
coordination (Figure 2.2.2) and, unlike the solution NMR data, an approximately C3 
symmetric ligand environment at the cerium cation.16 The C(40)–C(41) distances at 2.2-
TMS and 2.2–Ph were 1.218(4) Å and 1.212(12) Å respectively, which were comparable 
to other rare earth acetylide complexes, such as (TpMe2)2Sm(C≡CPh), TpMe2 = tris(3,5-
dimethyl-1-pyrazolyl) borate, at 1.206(12)16b Å or (C5Me5)2Y(C≡CPh) at 1.206(2) Å.1d 
Considering the difference in ionic radii, the Ce–Cacetylide bond lengths of 2.674(3) (2.2–
TMS) and 2.652(9) Å (2.2–Ph) are comparable to the terminal La–Cacetylide distance of 
2.674(2)Å in {[Me2tacn(CH2)2NtBu]La(C≡CPh)(µ-C≡CPh)}2, tacn = 1,4,7-
triazacyclononane.17,18 The C≡C stretch of 2.2–TMS was exhibited at 1986 cm–1 by IR 
spectroscopy, while that of 2.2–Ph was not observed due to the weakness of the signal. 
Reported lanthanide acetylide complexes are typically thermally unstable and 
decompose either through nucleophilic attack of the acetylide at neighboring ancillary 
ligands, or through dimerization of two acetylide ligands to form a butatrienediyl 
group.16b, 19 Conventional alkynyl-cerium reagents must be prepared and used below –60 
˚C due to their instability.1b However, 2.2–Ph was thermally stable even when heated at 
130 ˚C in benzene-d6 solution for 24 h (see Figure 2.7.10). This stability is likely 
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attributed to the sterically bulky bdmmp ligand framework, and the coordinatively 
saturated cerium cation. 
 
Figure 2.3.3. Normalized cyclic voltammograms of Ce(IV/III) for 2.1 (purple), 2.2–Ph 
(green) and 2.2–TMS (blue) in methylene chloride. Scan rate = 100 mV/s, 
[nPr4N][BArF4] = 0.1 M. 
 
Table 2.3.1. Electrochemical analysis of 2.1 and 2.2 
 Epa [V]a Epc [V]a ΔEp [V] 
2.1 –0.06 –0.90 0.84 
2.2–Ph –0.20 –0.74 0.54 
2.2–TMS –0.27 0.69 0.42 
a Versus Fc/Fc+ in methylene chloride with 0.1 M supporting electrolyte, [nPr4N][BAr F4]. 
To further characterize the electron density at the metal center, cyclic 
voltammetry was performed on 2.1 and 2.2 in dichloromethane with [nPr4N][BAr F4] as 
the supporting electrolyte. The CeIII/IV couples of the two complexes were located at E1/2 
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values of –0.48 V (2.1) and –0.47 V (2.2) referenced to the Fc/Fc+ (Figure 2.3.3 and 
Table 2.3.1). The similar redox potential between 2.1 and 2.2 may be due to the weak 
cerium-ligand bond strength for both the triflate and acetylide anions, an observation that 
was supported by the bond distances.  
The electronic structure of 2.2–Ph was investigated by DFT calculations at 
B3LYP/6-31G* level of theory using a 28 electron pseudopotential for the cerium 
cation.20 DFT calculations were performed using the experimentally determined X-ray 
coordinates without the methyl groups on the bdmmp– ligands to reduce the cost of the 
calculations. Gas phase geometrical parameters from the DFT results corresponded well 
with the solid state structure (Table 2.3.2).  
Table 2.3.2. Comparison of calculated and crystallographically determined bond lengths 
and angles in 2.2–Ph. 
 
 Bond lengths (exp., Å) 
Bond lengths 
(calc’d., Å) Natural charges MBO 
Ce(1)   1.8628  
C(40) 2.652(9) 2.656 -0.4685 0.00921 
O(1) 2.329(5)  2.332 -0.8614 0.434 
O(2) 2.304(5)  2.329 -0.8584 0.458 
O(3) 2.332(5)  2.329 –0.8660 0.486 
N(1) 2.748(6)  2.863 -0.5176 0.148 
N(3) 2.732(6)  2.862 -0.5293 0.185 
N(5) 2.719(6)  2.856 -0.5247 0.173 
Ce(1)–C(40)–C(41) 174.4(8)˚ 179.62˚ – – 
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Figure 2.3.4. HOMO (left) and LUMO (right) of 2.2–Ph.  
 
The HOMO of 2.2–Ph was largely located at the 4f Ce(III) metal orbital and the 
π* orbital of the phenylacetylide occupied primarily LUMO of the 2.2–Ph (Figure 2.3.4). 
The assignment of the metal redox waves in electrochemical data was consistent with the 
result of the DFT calculations.  
Scheme 2.3.3. Preparation of Na[Ce(OCH=CH2)(bdmmp)3] (3–enolate) and 
Na[Ce(OCH2CH3)(bdmmp)3] (3–ethoxy). Adapted with permission from 
Organometallics 2014, 33, 5948-5951, Copyright 2014, American Chemical Society. 
 
 
 31 
 
 
Figure 2.3.5. Thermal ellipsoid plot of Na[Ce(OCH=CH2)(bdmmp)3] (2.3–enolate) and 
Na[Ce(OCH2CH3)(bdmmp)3] (2.3–ethoxy) at 30 % probability. Hydrogen atoms and 
interstitial solvents have been omitted for clarity. Selected bond distances (Å): (2.3–
enolate) Ce(1)–O(1) 2.3529(10) Å, Ce(1)–O(2) 2.3522(11) Å, Ce(1)–O(3) 2.3189(11) Å, 
Ce(1)–O(4) 2.2993(12) Å, C(40)–C(41) 1.255(4) Å, Ce(1)–O(4)–C(40) 178.31(18)˚ and 
O(4)–C(40)–C(41) 135.9(3)˚; (2.3–ethoxy) Ce(1)–O(1) 2.3411(18) Å, Ce(1)–O(2) 
2.3749(19) Å, Ce(1)–O(3) 2.3877(18) Å, Ce(1)–O(4) 2.238(2) Å, C(40)–C(41) 1.426(6) 
Å, Ce(1)–O(4)–C(40) 170.1(3)˚ and O(4)–C(40)–C(41) 119.1(4)˚. Adapted with 
permission from Organometallics 2014, 33, 5948-5951, Copyright 2014, American 
Chemical Society. 
  
Having successfully isolated a stable, trivalent cerium acetylide complex using 
the bdmmp– framework, we sought to prepare complexes of Ce–Csp2 and Ce–Csp3 bonds 
through similar synthetic routes. However, treating 2.1 with various organosodium 
reagents in THF or ether including NaCH2C6H5, NaMe, NaCH2SiMe3 and NaC6H5 all 
produced an identical product, the pale yellow Na[Ce(OCHCH2)(bdmmp)3] (2.3–enolate) 
and Na[Ce(OCH2CH3)(bdmmp)3] (2.3–ethoxy, Scheme 2.3.3, Figure 2.3.3) wherein the 
ethereal solvents reacted to form an enolate or ethoxy groups and ethylene, the latter of 
which was detected at 5.3 ppm using 1H NMR spectroscopy. By 19F NMR spectroscopy, 
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compound 2.1 in THF showed two resonances at –78 ppm and –84 ppm, indicating that 
the triflate anion coordination was fluxional (see Figure 2.7.5). Under these reaction 
conditions, we propose that the triflate ion was displaced from the cerium cation by THF, 
and that the coordinated THF was subsequently deprotonated by the sodium alkyl 
reagent.21 The THF decomposition by sp3– and sp2–C alkyl reagents was attributed to the 
basicity of the metal- alkane or alkenes.22 When the same reactions were attempted in 
non–ethereal solvents, a mixture of intractable products was generated arising from 
decomposition of 2.1. In our hands, the use of other metal alkyl reagents: Li, K, Al, 
Grignard reagents or trimethyl aluminum in ethereal or non-ethereal solvents 
transmetalated the sodium cation in 2.1, or produced otherwise intractable products.  
For the 2.3–enolate and 2.3–ethoxy, the Ce–Obdmmp distances ranged from 
2.3189(11)–2.3877(18) Å, similar to reported trivalent cerium aryloxide complexes.23 
The Ce–Oenolate bond length for 2.3–enolate and 2.3–ethoxy was 2.2993(14) Å and 
2.238(2) Å respectively, slightly longer (0.1 Å) than other reported cerium alkoxide 
complexes,9 due to the neighboring pendant amine groups from the bdmmp– ligands. The 
enolate group was bound in a linear fashion with a Ce–O(4)–C(40) angle of 178.31(18) ˚. 
This binding mode was similar to the reported terminal enolate complex, 
(Nacnac)Sc(NHAr)(OCHCH2) (Nacnac– = ArNC(CH3)CHC(CH3)NAr, Ar = 2,6-
CH(CH3)2C6H3).24 The other salient features in the structure of 2.3–enolate and 2.3–
ethoxy were the C(40)–C(41) double bond length of 1.255(4) Å in 2.3–enolate, which 
was comparable to reported rare earth enolate complexes,21a, 21c, 24 and the corresponding 
bond distance of 2.3–ethoxy was 1.426(6) Å, which indicated the C(40)–C(41) single 
bond. 
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Having established the structure and stability of 2.2–Ph, we next probed its 
reactivity with a carbonyl. We first attempted an insertion of benzaldehyde, which we 
expected would have two possible outcomes: there would be no reaction, or a carbonyl 
addition reaction would occur. The complexes Na[Ce(C≡CR)(bdmmp)3] (R = –SiMe3 
(2.2–Ph) and –Ph (2.2–Ph)) reacted with benzaldehyde in diethyl ether for 12 h, 
producing colorless crystals of Na[Ce(OC(H)(Ph)C≡CR))(bdmmp)3] (R = –SiMe3 (2.4–
TMS) and –Ph, 2.4–Ph), that were grown from pentane at –35 ˚C. The solid state 
structures (Figure 2.3.6) of both complexes revealed that the three bdmmp– ligands 
retained interactions with the sodium cation and the alkoxide, –OC(H)(Ph)(C≡CR) (R = –
SiMe3 and –Ph) was coordinated directly to the Ce(III) cation.  
 
Figure 2.3.6. Thermal ellipsoid plot of Na[Ce(OC(H)(Ph)C≡CSiMe3)(bdmmp)3] (2.4–
TMS) and Na[Ce(OC(H)(Ph)C≡CPh)(bdmmp)3] (2.4–Ph) at 30 % probability. Hydrogen 
atoms were omitted for the clarity of the structure. Selected bond distance (Å): (2.4–Ph) 
Ce(1)–O(1) 2.3690(13), Ce(1)–O(2) 2.3590(14), Ce(1)–O(3) 2.3485(13), Ce(1)–O(4) 
2.268(3), C(40)–O(4) 1.395(4) and C(41)–C(42) 1.184(10), (2.4–TMS) Ce(1)–O(1) 
2.349(3), Ce(1)–O(2) 2.345(3), Ce(1)–O(3) 2.363(4), Ce(1)–O(4) 2.266(4), C(40)–O(4) 
1.397(6) and C(47)–C(48) 1.194(8). 
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The bond distances of Ce(1)–Obdmmp in the complexes 2.4–TMS and 2.4–Ph were 
consistent with other reported complexes.25 The Ce(1)–O(4) bond lengths of  2.4–TMS 
and 2.4–Ph were consistent with the reported Ce(III) alkoxide bond distances.9, 26 
Further, the angles of X–C(40)–Y were ranged 111.0(3)–112.7(3) ˚, which indicated the 
tetrahedral geometry, and the bond distances of C≡C, Ce(47)–C(48) and C(41)–C(42) 
were 1.184(10) Å and 1.194(8) Å, respectively, indicating the retained C≡C bond. IR 
spectra revealed the C≡C stretches at 2154 cm–1 and 2200 cm–1 for 2.4–TMS and 2.4–Ph 
respectively. Treating 2.4–Ph with excess phenylacetylene did not produced 2.2–Ph, 
which indicated a catalytic cycle could not be closed.  
 
Figure 2.3.7. Thermal ellipsoid plot of Na[Ce(OSiMe3)(bdmmp)3] (2.5) at 30 % 
probability. Hydrogen atoms and interstitial solvent were omitted for the clarity. Selected 
bond distances (Å): Ce(1)–O(1) 2.338(5), Ce(1)–O(2) 2.373(5), Ce(1)–O(3) 2.347(5), 
Ce(1)–O(4) 2.315(5).  
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Following our observation of the insertion reactivity of the complexes 2.2–TMS 
and 2.2–Ph, we set out to study their carbonyl addition reactivities with ketone substrates 
using varied pKas, including the substrates: acetone,22b acetophenone,27 benzylidene 
acetone28 and 1,1-diphenylacetone.29 
Table 2.3.3. pKaDMSO of the ketones.  
cpmd Acetone22b Acetophenone27 benzylidene acetone28 1,1-diphenylacetone29 
pKaDMSO 26.5 24.7 21.4 19.4 
 
 We first attempted the carbonyl addition reactions with 2.2–TMS, however, the 
outcomes of the reactions were identical, producing: Na[Ce(OSiMe3)(bdmmp)3] (2.5), 
despite rigorous purification and drying of the ketone substrates. Therefore, the insertion 
reactions were performed with the complex Na[Ce(C≡CPh)(bdmmp)3] (2.2–Ph).  
Scheme 2.3.4. Carbonyl addition reactions with Na[Ce(C≡CPh)(bdmmp)3] (2.2–Ph) 
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Figure 2.3.8. Thermal ellipsoid plots of Na[Ce(OC(Me)2C≡CPh)(bdmmp)3] (2.6) and 
Na[Ce(OC(Me)(Ph)C≡CPh)(bdmmp)3] (2.7),30 at 30 % probability. Hydrogen atoms 
were omitted for the clarity of the structure. Selected bond distances (Å): (2.6) Ce(1)–
O(1) 2.404(8), Ce(1)–O(2) 2.357(7), Ce(1)–O(3) 2.341(7), Ce(1)–O(4) 2.268(7), C(40)–
O(4) 1.418(13) and C(41)–C(42) 1.201(17) (2.7)30 Ce(1)–O(1) 2.343(2) Å, Ce(1)–O(2) 
2.384(2) Å, Ce(1)–O(3) 2.392(2) Å, Ce(1)–O(4) 2.237(2) Å, C(41)–C(42) 1.202(5) Å. 
Adapted with permission from Organometallics 2014, 33, 5948-5951, Copyright 2014, 
American Chemical Society. 
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Figure 2.3.9. Thermal ellipsoid plots of Na[Ce(OC(Me)(CH=CHPh)C≡CPh)(bdmmp)3] 
(2.8) at 30 % probability. Selected bond distances (Å ): Ce(1)–O(1) 2.385(2), Ce(1)–O(2) 
2.367(2), Ce(1)–O(3) 2.346(2), Ce(1)–O(4) 2.292(2), C(40)–O(4) 1.422(4), C(41)–C(42) 
1.169(6) and C(49)–C(50) 1.326(6). 
 
Table 2.3.4. Bonding metrics of 2.6–2.8. 
Bonding 
metrics/Complexes 2.6 2.7
30 2.8 
C(40)–O(4) (Å) 1.418(13) 1.397(4) 1.422(4) 
C≡C (Å) 1.201(17) 1.202(5) 1.169(6) 
Ce(1)–O(4) (Å) 2.268(7) 2.237(2) 2.292(2) 
X–C(40)–Y (˚) 105.0(11)–111.8(11) 107.0(3)–112.0(3) 108.1(3)–111.0(3) 
 
The resulting products of the each insertion reaction on the corresponding ketones 
are shown in Figure 2.3.8 (for 2.6 and 2.7) and Figure 2.3.9 (for 2.8). The bonding 
 38 
metrics of 2.6–2.8 were compared in the Table 2.3.4. In all of the cases, the carbonyl 
groups were reduced to C–O single bonds by nucleophilic addition of phenylacetylide, 
with C–O bonds ranging from 1.397(4)–1.422(4) Å, that were consistent with reported 
reduced C–O bond distance.31 Additionally, the angles at C(40) in 2.6–2.8 were close to 
109˚, indicative of tetrahedral geometry. The C≡C bond distances of the phenylacetylide 
were maintained in the range of 1.169(6)–1.418(13) Å. Moreover, the Ce(1)–O(4) bond 
distances were consistent with previously reported Ce(III)–Oalkoxide bond distance.26 
To the best of our knowledge, the formation of carbonyl adduct of acetone is the 
first structurally characterized example using a lanthanide metal complex (Figure 2.3.8). 
In spite of relatively higher basicity of acetone, pKaDMSO = ~26.5, compared to the other 
ketones that we evaluated, examples of carbonyl adduct of acetone using f-block metal 
complexes are rare.  
Acetophenone was selected as a substrate for the insertion reaction, due to its 
strong tendency to undergo enolization upon reaction with bases. Complex 2.2–Ph 
(phenylacetyldene pKaDMSO = ~28.827) was treated with 1 equiv of acetophenone 
(pKaDMSO = ~24.727) in Et2O to cleanly produce Na[Ce(OC(Me)(Ph)C≡CPh)(bdmmp)3] 
(2.7). Complex 2.7 was isolated in 61 % yield following crystallization (Scheme 2.3.4, 
Figure 2.3.8). There was no evidence for the putative enolization product, containing a –
OC=CH2(Ph) ligand, from the insertion reaction.  
An X-ray diffraction study of 2.7 revealed insertion of an acetophenone molecule 
into the Ce–C bond. The Ce–Obdmmp bond lengths in 2.7 ranged from 2.343(2) to 2.392(2) 
Å and the Ce–O(4) bond length was 2.237(2) Å, which were similar to the related metrics 
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in 2.3. The C(40)–O(4) bond length of 2.7 was 1.397(4) Å, indicative of a single C–O 
bond. Further, the C(40) bond angles ranged from 107.0(3)–112.0(3)˚, indicative of a 
tetrahedral geometry. In the X-ray structure of 2.7, the three bdmmp– ligands were 
distorted from the structure of 2.2–Ph due to an interaction between the Na+ cation and 
the C≡C triple bond. IR measurements of 2.6, 2.7 and 2.8 did not reveal a distinct C≡C 
stretching mode, due to the weakness of the signals. The NMR spectrum of 2.7 at R.T. 
showed broad peaks due to fluxionality of the ligand framework. At elevated 
temperatures, resonances for the propargylic group were identified between 7.62–13.0 
ppm (see Figures 2.7.7., 2.7.8 and 2.7.9). 
The organocerium reagent, “RCeCl2” was highly selective for 1,2-addition over 
1,4-addition.1m, 2a In order to test the 1,2-addition selectivity of 2.2–Ph, methyl styryl 
ketone (benzylideneacetone) was treated with Na[Ce(C≡CPh)(bdmmp)3] (2.2–Ph) and 
crystallized from saturated pentane solution afforded colorless crystals of the 1,2-adduct 
of the styryl ketone into the Ce–C bond (Figure 2.3.9). The C(49)–C(50) bond length was 
1.326(6) Å, consistent with a C=C bond distance, which supported the observation that 
the C=C bond was preserved in the phenylacetylide addition reaction. Such reactivity was 
a key type of result by Imamoto and coworkers because the product retains alkene group 
that could be further functionalized.  
The complex 2.2–Ph was treated with 1,1-diphenylacetone, whose pKaDMSO is 
19.429 and its carbonyl adduct was produced. Multiple trials of crystallizations were 
performed but diffraction quality crystals were ultimately not obtained, which led us to 
try different methods to confirm the resulting product. Further, variable temperature (VT) 
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NMR spectroscopy on the 1H NMR resonances of 2.9 did not reveal the identity of the 
product. Instead, quenching the Ce product afforded identification of the organic 
products. The primary organic product was indeed identified as the carbonyl adduct of 
1,1-diphenylacetone, using high-resolution mass spectrometry, showing a molecular ion 
of mass: 312.1414 (calculated 312.1514). Further, the characteristic Ph2CH– resonance 
was observed at 4.10 ppm by 1H NMR spectroscopy, supporting identification of the 
inorganic product.  
We were interested to test the limits of the carbonyl addition reactivities in terms 
of the acidity of the ketone. We chose the acidic substrate β–tetralone, since its pKawater is 
~13, compared to pKawater of phenylacetylene is ~23. 
Scheme 2.3.5. Enolation reaction of β-tetralone with 2.2–Ph 
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Figure 2.3.10. Thermal ellipsoid plot of Na[Ce(3,4-dihydro-2-naphtholate)(bdmmp)3] 
(2.10) at 30 % probability. Hydrogen atoms and interstitial solvents have been omitted 
for clarity. Selected bond distances and angles: C(40)–O(4) 1.333(5) Å, C(40)–C(41) 
1.316(6) Å, Ce(1)–O(4) 2.318(3) Å, X–C(40)–Y 116.5(4)–123.6(5)˚. 
 
The solid state structure of the product of the β–tetralone reaction with complex 
2.2–Ph revealed that instead of the insertion product, the enolate of the β–tetralone was 
bound to the cerium metal center (Figure 2.3.10). In this case, phenylacetylide 
deprotonated the α–proton at β–tetralone and the resulting enolate coordinated to the 
cerium metal center. The bond distance of C(40)–C(41) was 1.316(6) Å, indicating a 
C=C bond. The phenylacetylide evidently deprotonated the α–proton of C(41). The bond 
lengths of C(40)–O(4) and C(40)–C(41) were 1.333(5) Å and 1.316(6) Å respectively, 
supported the hypothesis that a negative charge was localized on the C(40)–O(4) bond. 
 42 
These bonding metrics were consistent with the previously reported η1–bonded metal–
enolate bond in Cp2Zr(NHtBu)(OC=CH(CH2)3CH(CCH3)3.32 Additionally, the C(41)–
C(40)–O(4) angle of 122.6(5)˚ and the O(4)–C(40)–C(49) angle of 116.5(4)˚ indicated 
the sp2 trigonal planar geometry on C(40). 
An insertion reaction with adamantyl isocyanate was performed with 2.2–Ph, 
since the carbonyl adducts of isocyanate have been developed as building block of 
polymerizations.33 The resulting crystals were the organic compound, N-adamantyl-3-
phenylpropiolamide (Figure 2.3.11). A possible mechanism (Scheme 2.3.6) leading to 
this product was that the phenylacetylide (Nu–) was added into C=N bond at the 
isocyanate to produce the compound a. The a was hydrolyzed to b, which was the 
isolated product. Evidently due to the sterically encumbered adamantly group, compound 
a did not coordinate to the NaCebdmmp framework.  
 
Scheme 2.3.6. Mechanism of generating 2.11. 
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Figure 2.3.11. Thermal ellipsoid plot of N-adamantyl-3-phenylpropylamine (2.11) at 30 
% probability. Hydrogen atoms and interstitial solvents have been omitted for clarity. 
Selected bond distances: C(11)–O(1) 1.2348(17) Å, C(11)–N(1) 1.3417(19) Å, C(12)–
C(13) 1.194(2) Å, C(11)–C(12) 1.464(2) Å.  
 
2.4. Summary 
In summary, we have synthesized and characterized a unique, stable terminal 
cerium acetylide complex and demonstrated its carbonyl addition reactivities with 
ketones of a range of pKas using the bdmmp– ligand framework. Cerium alkyl reagents 
were not isolable with the bdmmp– supporting ligand; instead, a ring-opened enolate 
product from THF was isolated. The enolizable ketones inserted into the Ce–C bond to 
form a propargylic alkoxide. No evidence for the enolization product was detected 
following insertion of acetone, acetophenone, benzylideneacetone and 1,1-
diphenylacetone. However, the highly acidic β–tetralone (pKa = ~13) produced the 
corresponding enolate, which indicated the limit of basicity for the NaCe-bdmmp 
framework. Despite its limitation, these results provided the first examples of structurally 
characterized carbonyl addition reactivities and are a viable model for selective addition 
of acetylides. 
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2.5 Experimental 
2.5.1 General Methods  
Unless otherwise indicated all reactions and manipulations were performed under 
an inert atmosphere (N2) using standard Schlenk techniques or in a Vacuum 
Atmospheres, Inc. Nexus II drybox equipped with a molecular sieves 13X / Q5 Cu-0226S 
catalyst purifier system. Glassware was oven-dried overnight at 150 °C prior to use. 1H, 
and 19F spectra were obtained on a Bruker DMX-300 Fourier transform NMR 
spectrometer operating at 1H frequency of 300 MHz. Chemical shifts were recorded in 
units of parts per million referenced against residual proteo solvent peaks (1H) or 
fluorobenzene (19F). The infrared spectra were obtained in the range 400–4000 cm–1 
using a PerkinElmer 1600 series infrared spectrometer using solution IR cell. Elemental 
analyses were performed at the University of California, Berkeley, Microanalytical 
Facility using a Perkin-Elmer Series II 2400 CHNS analyzer. 
2.5.2. Materials 
Tetrahydrofuran, diethyl ether, methylene chloride, hexanes, pentane and toluene 
were purchased from Fisher Scientific. The solvents were sparged for 20 min with dry Ar 
and dried using a commercial two-column solvent purification system comprising 
columns packed with Q5 reactant and neutral alumina respectively (for hexanes and 
pentane), or two columns of neutral alumina (for THF, Et2O and toluene). Deuterated 
solvents were purchased from Cambridge Isotope Laboratories, Inc. and stored over 
either potassium mirror overnight or 3 Å molecular sieves prior to use. Cerium(III) 
triflate (Strem Chemicals Inc.) was heated at 150 °C for 12 hours under dynamic vacuum 
at ~50 mtorr prior to use. 2,6-Bis(dimethylamino)methyl-4-phenol (Hbdmmp) and 
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sodium 2,6-bis(dimethylamino)methyl-4-phenolate (Nabdmmp) were prepared according 
to the literature procedures.34 Both phenylacetylene and sodium bis(trimethylsilylamide) 
(NaN(SiMe3)2) were purchased from Acros organics. Acetophenone was purchased from 
Sigma-Aldrich. Phenylacetylene, benzaldehyde, acetophenone and β–tetralone were 
distilled by short-path distillation, freeze-pump-thawed three times and dried over 
molecular sieves prior to use. Benzylideneacetone was recrystallized with hot hexanes 
before use. Sodium phenylacetylide (NaCCPh) was prepared following the literature 
procedure using NaN(SiMe3)2 instead of LiN(SiMe3)2.35 In this procedure, 
phenylacetylene was reacted with 0.95 equiv of NaN(SiMe3)2 in diethyl ether, resulting in 
immediate precipitation of the product. The reaction was dried under reduced pressure. 
The crude white solid was collected then washed by toluene (3 × 20 ml) followed by 
hexanes (3 × 20 ml) to remove residual base and unreacted phenylacetylene, yielding 78 
% of the product. Sodium trimethylsilylacetylide (NaCCSiMe3) was prepared similar 
synthetic route to that of NaCCPh. Trimethylacetylene was reacted with Na(SiMe3)2 in 
THF, resulting in colorless solution. Volatiles were removed under reduced pressure, 
yielding white solid, NaCCSiMe3.  
2.5.3. Synthesis of Na[Ce(OTf)(bdmmp)3] (2.1) 
A 20 ml scintillation vial was charged with Nabdmmp (1.87 g, 7.66 mmol, 3 
equiv), THF (5 ml) and a Teflon-coated stir bar. Ce(OTf)3 (1.5 g, 2.6 mmol) was 
suspended in THF (5 ml) and added to the Nabdmmp-THF mixture with stirring. The 
reaction mixture was stirred at room temperature for 12 h during which time it became a 
clear, yellow solution. The solvent was removed under reduced pressure. The yellow 
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residue was dissolved in 15 mL hexanes, filtered through a Celite-packed coarse porosity 
fritted filter, and rinsed with hexanes, 2 × 10 ml. The hexanes was removed from the 
filtrate under reduced pressure to produce crude 2.1 as yellow solid. The crude 2.1 was 
extracted again with 10 ml hexanes to isolate 2.1 free of the NaOTf byproduct and the 
yellow product was obtained followed by removal of the solvent under reduced pressure. 
Pale yellow crystals of 2.1 were grown from a saturated toluene solution at ambient 
temperature. Yield 1.83 g (1.79 mmol, 69 % yield). 19F NMR (300 MHz, C6D6) δ: –84.4 
(s, –O3SCF3). 1H NMR (300 MHz, C6D6) δ: 21.4 (s, 1H), 17.5 (s, 2H), 16.1 (s, 1H), 15.1 
(s, 1H), 12.3 (s, 8H), 10.2 (s, 2H), 7.84 (s, 4H), 7.13 (m, toluene), 7.05 to 7.00 (m, 
overlapping, 2H), 6.13 (s, 2H), 4.66 (s, 9H), 2.63 (br, 2H), 2.29 (s, 2H), 2.11 (s, toluene), 
1.71 (s, 6H), 1.46 (s, 2H), 0.87 (s, 4H), 0.33 (br, 4H), –0.21 (br, 2H), –8.46 to –9.03 (br, 
4H), –11.0 (br, 1H), –16.5 (br, 1H), –20.4 (br, 3H). Anal. Calc’d for 2.1⋅0.5 C7H8: C, 
51.11; H, 6.61; N, 8.22. Found: C, 50.80; H, 6.26; N, 7.95. 
2.5.4. Synthesis of Na[Ce(C≡CSiMe3)(bdmmp)3] (2.2–TMS) 
A 20 ml scintillation vial was charged with 2.1 (500.0 mg, 0.512 mmol, 1 equiv), 
THF (1 ml) and a Teflon-coated stir bar. NaCCSiMe3 (118.21 mg, 0.615 mmol, 1.2 
equiv) was suspended in THF (1 ml) and the resulting suspension was added to the THF 
solution of 1 with stirring. The reaction mixture was stirred at room temperature for 5 h 
during which time it became a cloudy yellow solution. The solvent was removed under 
reduced pressure. The yellow residue was then suspended in 10 mL hexanes, filtered 
through a Celite-packed coarse porosity fritted filter, and rinsed with hexanes, 2 × 5 ml. 
The toluene was removed from the filtrate under reduced pressure to produce crude 2.2–
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TMS as pale yellow solid. 2.2–TMS was extracted with 2 ml hexanes, filtered and dried 
under reduced pressure to insure complete removal of the NaOTf byproduct. Colorless 
crystals of 2.2–TMS were grown from a saturated toluene solution of 2.2–TMS at –35 
ºC. Crystalline yield 414.5 mg (88 % yield). 1H NMR (300 MHz, C6D6) δ: 6.62 (s, Ar–H 
& –NMe2, 20H), 5.40 (s, –SiMe3, 9H), 3.78 (s, –CH2NMe2, 4H), 2.78 (s, –CH2NMe2, 
4H), 1.34 (s, s, p-Me, 9H), 0.16 (s, –CH2NMe2, 4H), –3.16 (br, –NMe2, 8H), –5.34 (br, –
NMe2, 8H), –7.00 (br, –NMe2, 3H), –13.53 (br, –NMe2, 2H). 
2.5.4. Synthesis of Na[Ce(C≡CPh)(bdmmp)3] (2.2–Ph)  
A 20 ml scintillation vial was charged with 2.1 (488.8 mg, 0.501 mmol, 1 equiv), 
THF (1 ml) and a Teflon-coated stir bar. NaCCPh (93.2 mg, 0.751 mmol, 1.5 equiv) was 
suspended in THF (1 ml) and the resulting suspension was added to the THF solution of 
2.1 with stirring. The reaction mixture was stirred at room temperature for 5 h during 
which time it became a cloudy yellow solution. The solvent was removed under reduced 
pressure. The yellow residue was then suspended in 10 mL toluene, filtered through a 
Celite-packed coarse porosity fritted filter, and rinsed with toluene, 2 × 5 ml. The toluene 
was removed from the filtrate under reduced pressure to produce crude 2.2–Ph as pale 
yellow solid. 2.2–Ph was extracted with 2 ml toluene, filtered and dried under reduced 
pressure to insure complete removal of the NaOTf byproduct. Colorless crystals of 2.2–
Ph were grown from a saturated toluene solution of 2.2–Ph at –35 ºC. Crystalline yield 
184 mg (0.199 mmol, 40 % yield). 1H NMR (300 MHz, C6D6) δ: 15.6 (s, o-Ar-H 
(phenylacetylide), 2H), 10.3 (s, m-Ar-H (phenylacetylide), 2H), 9.63 (s, p-Ar-H 
(phenylacetylide), 1H), 7.23 (s, Ar–H, 3H), 6.71 & 6.54 (overlapping, –NMe2 & –
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CH2NMe2, 21H), 3.82 (s, –CH2NMe2, 3H), 2.73 (s, Ar–H, 3H), 1.34 (s, p-Me, 9H), 0.85 
(s, –CH2NMe2, 2H), –3.37 (br, –NMe2 & –CH2NMe2, 8H), –5.33 (br, –NMe2 & –
CH2NMe2, 8H), –7.17 (br, –NMe2, 3H), –13.8 (br, –NMe2, 3H). Anal. Calc’d: C, 60.82; 
H, 7.38; N, 9.05. Found: C, 60.73; H, 7.33; N, 9.18. 
2.5.5. Synthesis of Na[Ce(OCHCH2)(bdmmp)3] (2.3–enolate).  
A 20 ml scintillation vial was charged with 2.1 (200 mg, 0.205 mmol, 1 equiv), 3 
ml THF and a Teflon-coated magnetic stir bar. A second scintillation vial was charged 
with NaCH2C6H5 (35.1 mg, 0.307 mmol, 1.5 equiv) in 2 ml THF. Both solutions were 
cooled to –35 ºC and the yellow-orange NaBn solution was added dropwise to the 
solution of 2.1 at –35 ºC with stirring. The reaction mixture was stirred and allowed to 
warm to room temperature over 3 h during which time the solution changed from pale 
yellow to colorless. The THF was removed under reduced pressure. The resulting pale 
yellow residue was suspended in 10 ml hexanes, filtered through a Celite-packed coarse 
porosity fritted filter, and rinsed with hexanes, 2 × 5 mL. The combined hexanes fractions 
were stripped under reduced pressure to produce a pale yellow solid, 2.3–enolate. 2.3–
enolate was extracted with 20 ml pentane again to ensure the complete removal of 
NaOTf. Colorless crystals were grown from a saturated pentane solution of 2.3–enolate at 
–35 ºC. Yield 147 mg (0.169 mmol, 82 %). 1H NMR (300 MHz, C6D6) δ: 26.68 (br, 1H), 
21.57 (br, 2H), 10.23 (br, 1H), 8.95 (s, 12H), 7.65 (s, 2H), 7.22 (s, 2H), 6.85 (s, 2H), 4.55 
(s, 3H), 3.29 (br, 3H), 2.27 (s, 3H), 1.94 (s, 9H), 1.25 (s, 2H), 0.94 (s, 9H), –6.52 (br, 
6H), –9.47 (br, 6H), –11.92 (br, 2H), –20.50 (br, 1H). Anal. Calc’d: C, 56.60; H, 7.65; N, 
9.66. Found: C, 56.92; H, 7.71; N, 9.32.  
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2.5.6. Synthesis of Na[Ce(OC(Me)(Ph)(C≡CPh)(bdmmp)3] (2.7)  
A 20 ml scintillation vial was charged with 2.2–Ph (113.8 mg, 0.1226 mmol, 1 
equiv), diethyl ether (4 ml) and a Teflon-coated stir bar. Dry acetophenone (14.4 µL, 
0.123 mmol, 1.01 equiv) was added by micropipette with stirring. The reaction mixture 
was stirred at room temperature for 14 h during which time it became a pale yellow 
solution. The solvent was removed under reduced pressure. The crude yellow residue was 
suspended in 5 ml pentane, filtered through a Celite-packed coarse porosity fritted filter, 
and the support was rinsed with 2 × 1 mL pentane. The pentane was removed from the 
filtrate under reduced pressure to yield 2.7. Colorless crystals were grown from a 
saturated pentane solution of 2.7 at –35 ºC. Yield 78.6 mg (0.0750 mmol, 61 % yield). 1H 
NMR (300 MHz, C7D8, 300 K) δ: 15.1 (br), 11.0 (br), 8.51 (br), 8.17 (br), 6.27 (br), 1.67 
(br), –6.56 (br), –11.1 (br), –15.9 (br). (300 MHz, C7D8, 350 K) δ: 13.0 (br, s, 3H), 9.38 
(s, 3H), 8.45 (s, 3H), 7.90 (s, 2H), 7.80 (s, 3H), 7.62 (s, 2H), 6.81 (br, 6H), 4.90 – 4.23 
(br, 5H), 2.30 (s, 12H), 0.38 (br, 6H), –0.84 (br, 32H). Anal. Calcd: C, 63.01; H, 7.31; N, 
8.02. Found: C, 63.32; H, 7.48; N, 7.70 
2.5.7. Synthesis of Na[Ce(OC(H)(Ph)C≡CPh))(bdmmp)3] (2.4–Ph) 
A 20 ml scintillation vial was charged with 2.2–Ph (70.0 mg, 0.0754 mmol, 1 
equiv), diethyl ether (2 ml) and a Teflon-coated stir bar. Dry benzaldehyde (7.70 µL, 
0.0754 mmol, 1 equiv) was added by micropipette with stirring. Colorless crystals were 
grown in saturated pentane at –35 ºC. Yield 56.1 mg (0.0542 mmol, 72 % yield). 1H 
NMR (300 MHz, C6D6) δ: 23.3 (br), 11.7 (br), 10.5, 10.3, 9.40, 8.28, 7.82 & 7.58 
(overlapping), 4.88 (br), 3.51, 2.24, 2.06, 1.42, 1.22, 1.06, 0.94, 0.88, 0.32, –10.58 & –
 50 
12.64 (br, overlapping), –19.36 (br). Anal. Calc’d: C, 62.71; H, 7.21; N, 8.13. Found: C, 
62.46; H, 7.17; N, 8.22. 
2.5.8. Synthesis of Na[Ce(OC(Me)2C≡CPh))(bdmmp)3] (2.6) 
A 20 ml scintillation vial was charged with 2.2–Ph (69.8 mg, 0.0752 mmol, 1 
equiv), diethyl ether (2 ml) and a Teflon-coated stir bar. Dry acetone (5.52 µL, 0.0752 
mmol, 1 equiv) was added by micropipette with stirring. Colorless crystals were grown in 
saturated pentane at –35 ºC. Yield 40 mg (0.0406 mmol, 54 % yield). 1H NMR (300 
MHz, C6D6) δ: 24.1 (br), 12.2, 10.4, 9.06, 7.80, 7.39, 6.86, 6.12, 5.63, 5.11, 4.65, 4.27, 
4.09, 3.83, 3.74, 3.56, 3.33, 2.85, 2.73, 1.94, 1.51, 1.37, 1.23, 0.86, –12.3 (br). Anal. 
Calc’d: C, 60.89; H, 7.56; N, 8.52. Found: C, 60.80; H, 7.47; N, 8.41. 
2.5.9. Synthesis of Na[Ce(OC(Me)(CH2=CH2Ph)C≡CPh))(bdmmp)3] (2.8) 
A 20 ml scintillation vial was charged with 2.2–Ph (70.7 mg, 0.0762 mmol, 1 
equiv), diethyl ether (2 ml) and a Teflon-coated stir bar. Dry benzylidene acetone (11.2 
mg, 0.0762 mmol, 1 equiv.) was added by micropipette with stirring. Colorless crystals 
were grown in saturated pentane at –35 ºC. 1H NMR (300 MHz, C6D6) δ: 23.89, 20.16, 
14.33, 12.40, 11.02, 9.91, 9.12, 8.93, 8.58, 8.48, 8.27, 8.02, 7.68, 7.53, 7.38, 6.94, 4.91, 
4.61, 1.65, 1.36, 1.31, 1.30, 1.28, 1.26, 1.24, 1.22, 1.19, 1.05, 0.92, 0.89, 0.88, 0.86, –
11.64, –17.94. Yield 38.3 mg, 47 %. Anal. Calc’d: C, 63.72; H, 7.32; N, 7.82. Found: C, 
63.42; H, 7.51; N, 7.50. 
2.5.10. Synthesis of Na[Ce(OC10H9)(bdmmp)3] (2.10) 
A 20 ml scintillation vial was charged with 2.2–Ph (78.7 mg, 0.0847 mmol, 1 
equiv), diethyl ether (2 ml) and a Teflon-coated stir bar. Dry β-tetralone (12.39 mg, 11.21 
 51 
µl, mmol, 1 equiv.) was added by micropipette with stirring. The reaction was stirred 12 h 
then dried under reduced pressure. 5 ml of pentane was added, filtered and dried by 
applying reduced pressure. Pale yellow crystals were grown in saturated pentane in –35 
˚C. Yield 72.8 mg, 88 %. 1H NMR (300 MHz, C6D6) δ: 26.95, 22.60, 12.64, 12.25, 11.46, 
10.12, 9.81, 8.24, 7.39, 4.43, 1.23, 1.12, 0.90, 0.88, 0.86, 0.32, –7.94, –10.46, –17.21. 
Anal. Calc’d: C, 60.53; H, 7.46; N, 8.64. Found: C, 60.45; H, 7.47; N, 8.45. 
2.5.10. Synthesis of Na[Ce(OC(CHPh2)(Me)C≡CPh))(bdmmp)3] (2.9) 
A 20 ml scintillation vial was charged with 2.2–Ph (120 mg, 0.129 mmol), 4 ml 
diethyl ether and a stir bar, recrystallized 1,1-diphenylacetone (26.6 mg, 0.129 mmol) 
was added as solid while stirring. The reaction mixture was stirred 14 h then dried under 
reduced pressure. 5 ml of pentane was added, filtered and dried by applying reduced 
pressure. Pale yellow crystals were grown in saturated pentane in –35 ˚C. The crystals 
were collected by filtration and dried under reduced pressure. Yield 30 mg, 20 %. 1H 
NMR (300 MHz, toluene-d8, 300 K) δ: 17.37, 16.01, 14.96, 13.75, 12.29, 10.57, 7.79, 
6.46, 6.35, 5.70, 5.26, 4.77, 4.67, 3.64, 2.09, 1.88, 1.71, 1.34, 0.87, 0.28, –3.63, –5.15, –
19.74, –23.27, –29.28. 1H NMR (300 MHz, toluene-d8, 360 K) δ: 12.29 (1H), 9.94 (2H), 
8.95 (2H), 7.75 (6H), 6.73 (4H), 6.22 (2H), 4.78 (3H), 3.53 (9H), 2.72 (12H), 1.85 (8H), 
0.22 (9H), –0.58 (6H), –1.37 (18H). Anal. Calc’d of complex 2.9: C, 65.41; H, 7.26; N, 
7.38. Found: C, 65.28; H, 7.44; N, 7.53. The vial of complex 2.9 was brought out from 
the drybox and air quenched while it turned to dark brown solid. Then the resulting 
organic products, bdmmpH and HOC(Me)(CHPh2)(C≡CPh), were separated through 
short plug with diethyl ether, which eluted largely HOC(CHPh2)(Me)(C≡CPh). 1H NMR 
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(300 MHz, CDCl3) δ: 7.72–7.69 (2H), 7.55–7.52 (3H), 7.49–7.47 (1H), 7.41–7.36 (2H), 
7.23–7.20 (4H), 7.15 (3H), 4.72 (–OH), 4.06 (Ph2H–), 2.17 (Me). High res. mass spec. of 
HOC(Me)(CHPh2)(C≡CPh): Calc’d 312.1514 Found 312.1414. 
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2.6. Crystallographic analysis  
X-ray intensity data were collected on a Bruker APEXII CCD area detector 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature 
either of 143(1) K or 100(1)K. Preliminary indexing was performed from a series of 
thirty-six 0.5° rotation frames with exposures of 10 seconds. Rotation frames were 
integrated using SAINT,36 producing a listing of unaveraged F2 and σ(F2) values which 
were then passed to the SHELXTL37 program package for further processing and 
structure solution. The intensity data were corrected for Lorentz and polarization effects 
and for absorption using SADABS.38 The structure was solved by direct methods 
(SHELXS-9739). Refinement was by full-matrix least squares based on F2 using 
SHELXL-97.39 All reflections were used during refinement. Non-hydrogen atoms were 
refined anisotropically and hydrogen atoms were refined using a riding model.  
In the structural characterization of 2.3–enolate, 2.3–ethoxy and 2.4–TMS, there 
was a region of disordered solvent for which a reliable disorder model could not be 
devised; the X-ray data were corrected for the presence of disordered solvent using 
SQUEEZE.40 
In the structural characterization of 2.4–Ph, There is positional disorder in the 
 group resulting from two different stereo-forms of that group being 
bonded  to Ce (one is the R-form, the other the S-form as shown below).   
Ph CH
O
Ph
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Table 2.6.1. Summary of structural determination of compound 2.1, 2.2–Ph, 2.2–TMS 
and 2.3–enolate. Adapted with permission from Organometallics 2014, 33, 5948-5951, 
Copyright 2014, American Chemical Society. 
 2.1 2.2–Ph 2.2–TMS 2.3–enolate 
Empirical formula C40H63N6SO6F3NaCe C47H68N6O3NaCe C51H80SiN6NaCe C41H66N6O4NaCe 
Formula weight 976.13 928.18 1016.41 870.11 
Temperature 143(1) K 143(1) K 100(1) K 143(1) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Monoclinic Triclinic Triclinic 
Space group P21/c P21/n P1 P1 
Cell constants:     
a 10.7830(5) Å 11.6569(5) Å 12.8761(10) Å 11.8587(4) Å 
b 32.6531(14) Å 16.4218(7) Å 14.1470(11) Å 13.3919(5) Å 
c 13.6679(6) Å 25.5523(11) Å 15.5740(11) Å 16.6260(6) Å 
α – – 94.969(4)° 100.924(2)° 
β 98.738(2)° 101.832(2)° 103.282(5)° 94.937(2)° 
γ – – 96.612(5)° 112.535(2)° 
Volume 4756.6(4) Å3 4787.5(4) Å3 2723.9(4) Å3 2357.64(15) Å3 
Z 4 4 2 2 
Density (calculated) 1.363 Mg/m3 1.288 Mg/m3 1.239 Mg/m3 1.226 Mg/m3 
Absorption 
coefficient 1.069 mm
-1 1.004 mm-1 0.909 mm-1 1.016 mm-1 
F(000) 2020 1940 1070 910 
Crystal size 0.32 × 0.24 × 0.14 mm3 
0.25 × 0.12 × 0.05 
mm3 
0.18 x 0.05 x 0.03 
mm3 
0.32 × 0.18 × 0.04 
mm3 
Theta range for 1.63 to 27.59° 1.63 to 27.62° 1.64 to 27.63° 1.70 to 27.59° 
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data collection 
Index ranges 
-14 ≤ h ≤ 14, 
-42 ≤ k ≤ 42, 
-17 ≤ l ≤ 17 
-14 ≤ h ≤ 15, 
-21 ≤ k ≤ 21, 
-33 ≤ l ≤ 33 
-16 ≤ h ≤ 16, 
-18 ≤ k ≤ 18, 
0 ≤ l ≤ 20 
-15 ≤ h ≤ 15, 
-17 ≤ k ≤ 17, 
0 ≤ l ≤ 21 
Reflections collected 94794 74890 99966 115337 
Independent 
reflections 
10951 
[R(int) = 0.0310] 
11038 
[R(int) = 0.0527] 
11990 
[R(int) = 0.0659] 
10860 
[R(int) = 0.0250 
Completeness to 
theta = 27.59° 
99.4 % 99.1 % 94.5 % 99.2 % 
Absorption correction 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Max. and min. 
transmission 0.7456 and 0.6869 0.7456 and 0.6550 0.7456 and 0.6764 0.7456 and 0.6734 
Refinement method Full-matrix least-squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 10951 / 0 / 539 11038 / 6 / 539 11990 / 0 / 588 10860 / 0 / 494 
Goodness-of-fit on F2 1.368 1.383 1.040 1.074 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0494, 
wR2 = 0.1098 
R1 = 0.0798, 
wR2 = 0.1696 
R1 = 0.0358,  
wR2 = 0.0769 
R1 = 0.0211, 
wR2 = 0.0540 
R indices (all data) 
R1 = 0.0536, 
wR2 = 0.1118 
R1 = 0.1088, 
wR2 = 0.1863 
R1 = 0.0537,  
wR2 = 0.0811 
R1 = 0.0232, 
wR2 = 0.0550 
Largest diff. peak 
and hole 
1.442 and 
-1.584 e.Å-3 
3.033 and 
-3.906 e.Å-3 
0.779 and  
-0.431 e.Å-3 
–0.706 and 
-0.355 e.Å-3 
 
Table 2.6.2. Summary of structural determination of compound 2.3–ethoxy and  
 2.3–ethoxy 2.4–TMS 2.4–Ph 2.5 
Empirical formula C41H68N6O4NaCe C55H88SiN6O5NaCe C54H74N6O4NaCe C42H72SiN6O4NaCe 
Formula weight 872.12 1104.51 1034.30 916.26 
Temperature 143(1) K 100(1) K 100(1) K 100(1) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Triclinic Monoclinic Triclinic Monoclinic 
Space group P1 C2/c P1 P21/n 
Cell constants:     
a 11.8728(12) Å 28.9847(17) Å 12.1696(7) Å 14.9276(10) Å 
b 13.3675(13) Å 15.3076(10) Å 12.1756(8) Å 18.4252(11) Å 
c 16.7121(17) Å 28.9462(18) Å 19.4986(13) Å 18.9909(12) Å 
α 100.796(5)° – 96.034(4)° – 
β 95.059(5)° 101.725(3)° 98.589(3)° 111.330(4)° 
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γ 112.618(5)° – 108.562(3)° – 
Volume 2367.2(4) Å3 12575.0(14) Å3 2672.0(3) Å3 4865.5(5) Å3 
Z 2 8 2 4 
Density 
(calculated) 1.224 Mg/m
3 1.167 Mg/m3 1.286 Mg/m3 1.251 Mg/m3 
Absorption 
coefficient 1.012 mm
-1 0.795 mm-1 0.908 mm-1 1.011 mm-1 
F(000) 914 4664 1082 1924 
Crystal size 
0.32 x 0.20 x 0.15 
mm3 
0.12 x 0.10 x 0.02 
mm3 
0.28 x 0.1 x 0.03 
mm3 
0.26 x 0.03 x 0.01 
mm3 
Theta range for 
data collection 
1.70 to 27.55° 1.61 to 27.64° 1.79 to 27.59° 1.60 to 27.59° 
Index ranges 
-15 £ h £ 15, 
-17 £ k £ 17, 
-21 £ l £ 21 
-36 ≤ h ≤ 37, 
-19 ≤ k ≤ 19, 
-37 ≤ l ≤ 37 
-15 ≤ h ≤ 15, 
-15 ≤ k ≤ 15, 
-25 ≤ l ≤ 25 
-19 ≤ h ≤ 19, 
-23 ≤ k ≤ 23, 
-24 ≤ l ≤ 24 
Reflections 
collected 67275 133839 87768 89704 
Independent 
reflections 
10927 [R(int) = 
0.0304] 
14555 
[R(int) = 0.0749] 
12069 
[R(int) = 0.0301] 
11182 
[R(int) = 0.2281] 
Completeness to 
theta = 27.59° 
99.7 % 99.4 % 97.4 % 99.2 % 
Absorption 
correction 
Semi-empirical 
from equivalents 
Semi-empirical from 
equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Max. and min. 
transmission 0.7456 and 0.6450 0.7456 and 0.6851 0.7456 and 0.6745 0.7456 and 0.4099 
Refinement 
method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least- 
squares on F2 
Data / restraints / 
parameters 10927 / 0 / 494 14555 / 31 / 641 12069 / 514 / 707 11182 / 0 / 497 
Goodness-of-fit 
on F2 
1.175 1.076 1.089 1.032 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0369, wR2 
= 0.0926 
 
R1 = 0.0626, 
wR2 = 0.1451 
R1 = 0.0295, 
wR2 = 0.0580 
R1 = 0.0799, 
wR2 = 0.1714 
R indices (all 
data) 
R1 = 0.0412, wR2 
= 0.0970 
R1 = 0.1028, 
wR2 = 0.1596 
R1 = 0.0372, 
wR2 = 0.0606 
R1 = 0.1691,  
wR2 = 0.2206 
Absolute structure 
parameter – – –  
Largest diff. peak 
and hole 
1.617 and -1.479 
e.Å-3 
2.599 and 
-2.349 e.Å-3 
1.321 and 
-1.825 e.Å-3 
2.699 and -3.038 
e.Å-3 
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Table 2.6.3. Summary of structural determination of compound 5–8. 
 2.6 2.7 2.8 2.10 
Empirical formula C50H74N6O4NaCe C55H76N6O4NaCe C57H78N6O4NaCe C49H72N6O4NaCe 
Formula weight 986.26 1048.33 1074.36 972.24 
Temperature 100(1) K 100(1) K 100(1) K 100(1) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Triclinic Monoclinic Triclinic Monoclinic 
Space group P1 P21 P1 P21/c 
Cell constants:     
a 11.9222(11) Å 9.7803(4) Å 13.5231(9) Å 12.0261(10) Å 
b 19.2992(19) Å 19.5232(8) Å 14.9805(11) Å 16.8822(13) Å 
c 24.236(2) Å 14.1969(6) Å 15.6696(11) Å 25.123(2) Å 
α 68.518(5)° – 82.259(4)° – 
β 86.500(5)° 93.865(2)° 71.974(4)° 103.532(4)° 
γ 78.672(5)° – 74.772(4)° – 
Volume 5087.6(8) Å3 2704.63(19) Å3 2907.7(4) Å3 4959.0(7) Å3 
Z 4 2 2 4 
Density 
(calculated) 1.288 Mg/m
3 1.287 Mg/m3 1.227 Mg/m3 1.302 Mg/m3 
Absorption 
coefficient 0.950 mm
-1 0.898 mm-1 0.837 mm-1 0.974 mm-1 
F(000) 2066 1098 1126 2036 
Crystal size 0.20 x 0.05 x 0.02 mm3 
0.24 × 0.16 × 0.04 
mm3 
0.24 x 0.08 x 0.02 
mm3 
0.12 x 0.12 x 0.08 
mm3 
Theta range for 
data collection 
1.74 to 27.77° 1.78 to 27.51° 1.63 to 27.53° 1.47 to 27.53° 
Index ranges 
-15 ≤ h ≤ 15, 
-25 ≤ k ≤ 25, 
-31 ≤ l ≤ 31 
-12 ≤ h ≤ 12, 
-25 ≤ k ≤ 23, 
-18 ≤ l ≤ 17 
-17 ≤ h ≤ 17, 
-19 ≤ k ≤ 19, 
-20 ≤ l ≤ 20 
-15 ≤ h ≤ 15, 
-21 ≤ k ≤ 21, 
-32 ≤ l ≤ 32 
Reflections 
collected 196856 57609 119218 120199 
Independent 
reflections 
22826 
[R(int) = 0.2257] 
12077 
[R(int) = 0.0367] 
13250 
[R(int) = 0.1233] 
11407 
[R(int) = 0.0568] 
Completeness to 
theta = 27.59° 
95.0 % 99.9 % 98.8 % 99.9 % 
Absorption 
correction 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Max. and min. 
transmission 0.7456 and 0.5250 0.7456 and 0.6810 0.7456 and 0.6930 0.7456 and 0.6935 
Refinement 
method 
Full-matrix least-
squares on F2 Full-matrix least-
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
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squares on F2 
Data / restraints / 
parameters 22826 / 6 / 1152 12077 / 1 / 622 13250 / 0 / 639 11407 / 216 / 584 
Goodness-of-fit on 
F2 
1.055 1.041 0.996 1.022 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0988, 
wR2 = 0.2466 
R1 = 0.0299, 
wR2 = 0.0669 
R1 = 0.0567, 
wR2 = 0.0896 
R1 = 0.0457, 
wR2 = 0.1061 
R indices (all data) 
R1 = 0.2039, 
wR2 = 0.3143 
R1 = 0.0390, 
wR2 = 0.0704 
R1 = 0.1038, 
wR2 = 0.1003 
R1 = 0.0675, 
wR2 = 0.1177 
Absolute structure 
parameter – 0.109(8) – – 
Largest diff. peak 
and hole 
3.624 and 
-2.297 e.Å-3 
1.113 and 
-0.656 e.Å-3 
1.268 and 
-0.741 e.Å-3 
2.129 and 
-1.231 e.Å-3 
 
Table 2.6.4. Summary of structural determination of compound 2.11. 
 2.11 
Empirical formula C19H21NO 
Formula weight 279.37 
Temperature 100(1) K 
Wavelength 0.71073 Å 
Crystal system orthorhombic 
Space group Pca21 
Cell constants:  
a 12.2734(13) Å 
b 12.1733(14) Å 
c 9.9939(11) Å 
α – 
β – 
γ – 
Volume 1493.2(3) Å3 
Z 4 
Density 
(calculated) 1.243 Mg/m
3 
Absorption 
coefficient 0.076 mm
-1 
F(000) 600 
Crystal size 0.32 x 0.24 x 0.04 mm3 
Theta range for 
data collection 
2.36 to 27.53° 
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Index ranges 
-15 ≤ h ≤ 15,  
-15 ≤ k ≤ 15,  
-12 ≤ l ≤ 13 
Reflections 
collected 12259 
Independent 
reflections 
3393  
[R(int) = 0.0312] 
Completeness to 
theta = 27.59° 
99.9 % 
Absorption 
correction 
Semi-empirical from 
equivalents 
Max. and min. 
transmission 0.7456 and 0.6679 
Refinement 
method 
Full-matrix least- 
squares on F2 
Data / restraints / 
parameters 3393 / 1 / 191 
Goodness-of-fit on 
F2 
1.050 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0343,  
wR2 = 0.0775 
R indices (all data) 
R1 = 0.0426,  
wR2 = 0.0809 
Absolute structure 
parameter -0.1(12) 
Largest diff. peak 
and hole 
0.213 and -0.160 
e.Å-3 
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2.7. Spectroscopic analysis 
       
Figure 2.7.1. 1H NMR spectrum of Na[Ce(OTf)(bdmmp)3] (2.1). Adapted with 
permission from Organometallics 2014, 33, 5948-5951, Copyright 2014, American 
Chemical Society. 
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Figure 2.7.2. 19F NMR spectrum of Na[Ce(OTf)(bdmmp)3] (2.1) reference to 
fluorobenzene (C6H5F) at –113.15 ppm. Adapted with permission from 
Organometallics 2014, 33, 5948-5951, Copyright 2014, American Chemical Society. 
		

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Figure 2.7.3. 1H NMR spectrum for Na[Ce(CCPh)(bdmmp)3] (2.2–Ph). Adapted with 
permission from Organometallics 2014, 33, 5948-5951, Copyright 2014, American 
Chemical Society. 
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Figure 2.7.4. 1H NMR spectrum for Na[Ce(CCSiMe3)(bdmmp)3] (2.2–TMS).  
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Figure 2.7.5. 1H NMR spectrum for Na[Ce(OCHCH2)(bdmmp)3] (2.3–enolate). Adapted 
with permission from Organometallics 2014, 33, 5948-5951, Copyright 2014, American 
Chemical Society. 
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Figure 2.7.6. 19F NMR spectrum of Na[Ce(OTf)(bdmmp)3] (2.1) in THF reference to 
fluorobenzene (C6H5F) at –113.15 ppm. Adapted with permission from 
Organometallics 2014, 33, 5948-5951, Copyright 2014, American Chemical Society. 
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Figure 2.7.7. 1H NMR spectrum of evolved ethylene from reacting NaCH2C6H5 with 
Na[Ce(OTf)(bdmmp)3] (2.1) in THF in a J-young tube. The evolved ethylene is shown at 
5.3 ppm, indicated by *. Adapted with permission from Organometallics 2014, 33, 5948-
5951, Copyright 2014, American Chemical Society. 
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Figure 2.7.8. 1H NMR spectrum for Na[Ce(OCMePhCCPh)(bdmmp)3] (2.7) at 300 K in 
toluene-d8. The solvents are indicated by *. The proteo toluene solvent is indicated by ∆. 
Adapted with permission from Organometallics 2014, 33, 5948-5951, Copyright 2014, 
American Chemical Society. 
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Figure 2.7.9. 1H NMR spectrum for Na[Ce(OCMePhCCPh)(bdmmp)3] (2.7) at 350 K in 
toluene-d8. The solvents are indicated by *. The proteo toluene solvent is indicated by ∆. 
Adapted with permission from Organometallics 2014, 33, 5948-5951, Copyright 2014, 
American Chemical Society. 
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Figure 2.7.10. 1H VT NMR spectra for 2.7 in toluene-d8 between 300–360 K.  The 
solvents are indicated by *. A minor impurity, indicated by ∆, is evident at 360 K. 
Adapted with permission from Organometallics 2014, 33, 5948-5951, Copyright 2014, 
American Chemical Society. 
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Figure 2.7.11. 1H NMR spectra for testing the heat stability of Na[Ce(CCPh)(bdmmp)3] 
(2.2–Ph) in benzene-d6 at 130 ºC for 24 h. Adapted with permission from 
Organometallics 2014, 33, 5948-5951, Copyright 2014, American Chemical Society. 
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Figure 2.7.12. 1H NMR spectrum for Na[Ce(OC(H)(Ph)CCPh)(bdmmp)3] (2.4–Ph) in 
C6D6. 
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Figure 2.7.13. 1H NMR spectrum for Na[Ce(OC(Me2)CCPh)(bdmmp)3] (2.6) in C6D6.  
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Figure 2.7.14. 1H NMR spectrum for Na[Ce(OC(Me)(Ph)CCPh)(bdmmp)3] (2.7) at 300 
K in toluene-d8. The solvents are indicated by *. The proteo toluene solvent was indicated 
by ∆.  
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Figure 2.7.15. 1H NMR spectrum for Na[Ce(OC(Me)(CH=CHPh)CCPh)(bdmmp)3] (2.8) 
in C6D6. 
 
 75 
 
Figure 2.7.16. 1H NMR spectrum for Na[Ce(OC(Me)(CHPh2)CCPh)(bdmmp)3] (2.9) in 
toluene-d8 at 300 K. 
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Figure 2.7.17. 1H NMR spectrum for Na[Ce(OC(Me)(CHPh2)CCPh)(bdmmp)3] (2.9) in 
toluene-d8 at 360 K. 
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Figure 2.7.18. 1H NMR spectrum for HOC(Me)(CHPh2)CCPh) in CDCl3. 
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Figure 2.7.19. 1H NMR spectrum for Na[Ce(OC10H9)(bdmmp)3] (2.10) in C6D6. 
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Figure 2.7.20. IR spectrum of Na[Ce(CCSiMe3)(bdmmp)3] (2.2–TMS) measured in 
CH2Cl2 solution. The C≡C stretch showed at 1986 cm-1 indicated by *. 
* 
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Figure 2.7.21. IR spectrum of Na[Ce(CCPh)(bdmmp)3] (2.2–Ph) measured in THF 
solution. An artifact is indicated by Δ at ~2300 cm–1. Adapted with permission from 
Organometallics 2014, 33, 5948-5951, Copyright 2014, American Chemical Society. 
 
 
 
 
 
 
 
 
 
 
Δ 
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Figure 2.7.22. IR spectrum of Na[Ce(OC(H)(Ph)CCSiMe3)(bdmmp)3] (2.4–TMS) 
measured in CH2Cl2 solution. * indicates the C≡C stretch at 2154 cm–1. 
 
* 
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Figure 2.7.23. IR spectrum of Na[Ce(OC(H)(Ph)CCPh)(bdmmp)3] (2.4–Ph) measured in 
THF solution. * indicates the C≡C stretch at 2200 cm–1. 
 
 83 
 
Figure 2.7.24. IR spectrum of Na[Ce(OCMe2CCPh)(bdmmp)3] (2.6) measured in THF 
solution. * indicates residual THF solvent. An experimental artifact, indicated by Δ, is 
shown at  ~2300 cm–1. 
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Figure 2.7.25. IR spectrum of Na[Ce(OCMePhCCPh)(bdmmp)3] (2.7) measured in THF 
solution. After the product was recrystallized twice, residual acetophenone was still 
present in the sample, indicated by *. An experimental artifact, indicated by Δ, is shown 
at  ~2300 cm–1. Adapted with permission from Organometallics 2014, 33, 5948-5951, 
Copyright 2014, American Chemical Society. 
 
 
 
 
* 
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Figure 2.7.26. IR spectrum of Na[Ce(OC(Me)(CH=CHPh)CCPh)(bdmmp)3] (2.8) 
measured in THF solution.  
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2.8. Electrochemical analysis 
Cyclic Voltammetry experiments (CV) were performed using a CH Instruments 
620D Electrochemical Analyzer/Workstation and the data were processed using CHI 
software v9.24. All experiments were performed in an N2 atmosphere drybox using 
electrochemical cells that consisted of a 4 mL vial, glassy carbon working electrode, a 
platinum wire counter electrode, and a silver wire plated with AgCl as a quasi-reference 
electrode. The working electrode surfaces were polished prior to each set of experiments. 
Potentials were reported versus ferrocene, which was added as an internal standard for 
calibration at the end of each run. Solutions employed during these studies were ~1 mM 
in analyte and 0.1 M [nPr4N][BArF4] in methylene chloride. All data were collected in a 
positive-feedback IR compensation mode. 
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Figure 2.8.1. (Top) Cyclic Voltammograms for Na[Ce(OTf)(bdmmp)3] (2.1) showing a 
potential window from +1.00 to –2.58 V (scan rate = 100 mV/s). (Bottom left) Isolated 
cerium(IV/III) redox couple at varying scan rates. (Bottom right) Current versus ν1/2 (ν = 
scan rate) plot from the scan rate dependence of the isolated Ce(IV/III) couple. Cathodic 
features are shown in blue and anodic features are shown in red. Linearity shows that the 
redox couple is diffusion controlled according to the Randles-Sevcik equation. 
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Figure 2.8.2. (Top) Cyclic Voltammograms for Na[Ce(CCPh)(bdmmp)3] (2.2–Ph) 
showing a potential window from 0.50 to –2.50 V (scan rate = 100 mV/s). (Bottom left) 
Isolated cerium(IV/III) redox couple at varying scan rates. (Bottom right) Current versus 
ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated Ce(IV/III) couple. 
Cathodic features are shown in blue and anodic features are shown in red. Linearity 
shows that the redox couple is diffusion controlled according to the Randles-Sevcik 
equation. 
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Figure 2.8.3. (Top) Cyclic Voltammograms for Na[Ce(CCSiMe3)(bdmmp)3] (2.2–TMS) 
showing a potential window from 0.81 to –2.60 V (scan rate = 100 mV/s). (Bottom left) 
Isolated cerium(IV/III) redox couple at varying scan rates. (Bottom right) Current versus 
ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated Ce(IV/III) couple. 
Cathodic features are shown in blue and anodic features are shown in red. Linearity 
shows that the redox couple is diffusion controlled according to the Randles-Sevcik 
equation. 
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2.9. Computational details 
Gaussian ’09 Rev. A.02 was used in electronic structure calculations.41 The 
B3LYP hybrid DFT method was employed with a 28-electron small core pseudopotential 
on cerium with published segmented natural orbital basis sets incorporating quasi-
relativistic effects20 and the 6-31G* basis set on all other atoms. Geometry optimizations 
were carried out starting from the coordinates of the crystal structures. The frequency 
calculations indicated that the geometries were the minima (no imaginary frequencies). 
Molecular orbitals were rendered with the program Chemcraft v1.6 at an isovalue of 
0.03.42 Natural population analysis was performed using the IOp(6/80 = 1) keyword in 
Gaussian ’09. 
 
Table 2.9.1. Geometry optimized coordinates of compound 2.2–Ph.  
Ce       0.848900063      0.005060000     -0.003715000  
Na      -2.482367189     -0.011854001      0.002847000  
O       -0.728221053      1.687693131     -0.331040025  
O       -0.730780054     -1.136360088     -1.283611097  
C        2.320172177     -3.016028231      1.012676077  
H        2.631969201     -4.073123313      1.084050080  
H        1.661231125     -2.799025214      1.861253140  
H        3.202283245     -2.374628183      1.072212084  
C       -0.825062062      4.258223324     -2.925251223  
H       -0.387035030      4.461332342     -3.901016298  
N        1.595827124      1.187709093      2.486716190  
N       -3.645602279      2.379940180      0.908088067  
O       -0.712212055     -0.567369045      1.627047127  
C       -2.274068175      4.892790376     -1.118127084  
H       -2.965882225      5.600150426     -0.663579052  
C       -1.032442080     -2.256414171     -1.924137146  
C       -0.457029035     -3.498616265     -1.542120116  
C        8.999649686      0.005535000      0.018205001  
H       10.086370783      0.004468000      0.023609002  
C        2.305035178      2.417095186      2.091056160  
H        2.607011202      3.012422232      2.970752228  
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H        1.648907127      3.038260232      1.470506114  
H        3.194139244      2.149003165      1.515795114  
H       -1.873576144     -5.529985439     -3.903281298  
C       -4.058697312      0.912815070     -2.901732221  
H       -4.408416337      0.943690070     -3.951181301  
H       -3.216946243      1.604288123     -2.796621215  
H       -4.875128371      1.263996095     -2.264207174  
C        2.292260177      0.621626049     -3.145569239  
H        2.588696197      1.083880082     -4.103604315  
H        1.638837127     -0.229939017     -3.367918258  
H        3.184648243      0.262705020     -2.627653199  
C       -2.588348199     -0.920230071     -3.402251262  
H       -1.822988137     -0.139614010     -3.413458263  
H       -2.991656226     -1.002334075     -4.429447338  
C       -1.649150125     -4.623542351     -3.348767254  
C       -0.794478061      0.413622032      5.145245395  
H       -0.357004027      1.163819090      5.801773467  
C        4.743569361      0.009381001     -0.002773000  
C        2.503120192     -3.021803232     -1.384837106  
H        2.840666214     -4.073405312     -1.385360108  
H        3.372157259     -2.363364179     -1.318514099  
H        1.975845150     -2.834183216     -2.323677177  
C       -4.821270367     -1.327602100     -2.544455196  
H       -5.281304401     -1.353812106     -3.550918271  
H       -5.581691401     -0.985784077     -1.833327139  
H       -4.523663347     -2.344055179     -2.279741172  
C        6.175054463      0.008244001      0.004064000  
C        3.504760267      0.011011001     -0.007865001  
C       -1.665340128     -0.540274043      5.672388412  
C        2.470453186      2.707535209     -1.962601151  
H        2.798215213      3.232175245     -2.877444218  
H        3.346028254      2.327683176     -1.431193108  
H        1.942931151      3.425613263     -1.329339103  
C        8.293250659     -1.194704091      0.132796010  
H        8.830699689     -2.135065165      0.227901017  
N       -3.629581279     -1.987258154      1.637231127  
C       -4.826659370      2.863051216      0.188606014  
H       -5.279109405      3.748952289      0.674400049  
H       -5.585599428      2.073512157      0.150508012  
H       -4.553263347      3.137400240     -0.832111062  
C       -1.942092146     -1.486377113      3.444569265  
C       -1.026032076     -0.536259043      2.914468221  
C        6.903726508      1.211305091     -0.110550008  
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H        6.359890467      2.146849165     -0.204908015  
C       -0.493453037      3.064598235     -2.275348175  
H       -1.897540147     -0.549568041      6.733266504  
C       -0.471002036      0.441056034      3.784478291  
C        6.900303525     -1.196238091      0.126313010  
H        6.354054489     -2.130804161      0.215846017  
C       -0.769146061     -4.653648356     -2.266634171  
H       -0.316823024     -5.597506445     -1.966921153  
C       -4.011984307      2.066719156      2.293984173  
H       -3.157391239      1.631291123      2.821049217  
H       -4.829203369      1.339619101      2.302887173  
H       -4.347400332      2.962841229      2.849860219  
N        1.609229125     -2.744572209     -0.248602019  
C        0.395492030     -3.598651276     -0.298657023  
H       -0.201250015     -3.316064254      0.576723042  
H        0.691406055     -4.653988358     -0.160937012  
C       -2.555083197     -2.509448189      2.521423195  
H       -1.781516135     -2.909391220      1.860276141  
H       -2.949215227     -3.354895254      3.116721237  
C        0.359391028      2.038760155     -2.985889226  
H       -0.233372018      1.135481087     -3.173261243  
H        0.645043047      2.444972185     -3.972647302  
C       -4.004641306     -3.030757234      0.676790052  
H       -4.338025333     -3.959557304      1.177609089  
H       -3.155042242     -3.271219249      0.030404002  
H       -4.825488370     -2.674042205      0.047986004  
C        2.487581188      0.353334027      3.309569254  
H        3.367756256      0.087990006      2.719473210  
H        1.964763152     -0.557334040      3.612856277  
H        2.808309216      0.885575068      4.222380323  
C        0.373342029      1.569410120      3.238541247  
H       -0.224731017      2.173422165      2.545604193  
H        0.657836050      2.229624171      4.077194311  
C       -1.048938080      2.787788215     -0.996723076  
C       -2.578926199      3.414775263      0.914568070  
H       -1.799776137      3.045991231      1.587092122  
H       -2.978243229      4.348884330      1.353216104  
C       -1.971902150      3.712401286     -0.433927033 
 C       -4.803735364     -1.603722121      2.424876187  
H       -5.567994441     -1.177327091      1.765407133  
H       -4.523685345     -0.854801066      3.168328242  
H       -5.251598401     -2.466047188      2.955081225  
H       -1.943256150      6.105826490     -2.876421218  
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C        8.296733651      1.207093094     -0.103237008  
H        8.836923660      2.146409164     -0.192889015  
C       -1.704587130      5.181284397     -2.358999181  
C       -2.235344169     -1.478369111      4.810814369  
H       -2.921336222     -2.226884170      5.204099398  
C       -2.238974172     -3.409141261     -3.701776285  
H       -2.932172222     -3.368762259     -4.540449347  
N        1.581241121      1.578106121     -2.279209174  
N       -3.658676280     -0.437668033     -2.490983189  
C       -1.956480147     -2.230999169     -3.005173228  
 
2.10. References   
1. (a) Tetrahedron Lett. 1995, 36 (7), 1031-1034; (b) Boojamra, C. G. P., J. P; 
Sperandio, D.; Gao, Y.; Petrakovsky, O. V.; Lee, S. K.; Markevitch, D. Y.; Vela, J. E.; 
Laflamme, G.; Chen, J. M.; Ray, A. S.; Barron, A. C.; Sparacino, M. L.; Desai, M. C.; 
Kim, C. U.; Cihlar, T.; Mackman, R. L. Bioorg. Med. Chem. 2009, 17, 1739-1746; (c) 
Sadler, S. P., K. S.; Jones, G. B.; Ray, R. . Bioorg. Med. Chem. Lett 2011, 21, 4638-4641; 
(d) Casely, I. J.; Ziller, J. W.; Evans, W. J. Organometallics 2011, 30, 4873-4881; (e) 
Evans, W. J.; Walensky, J. R.; Ziller, J. W. Organometallics 2010, 29 (4), 945-950; (f) 
Heeres, H. J.; Heeres, A.; Teuben, J. H. Organometallics 1990, 9 (5), 1508-1510; (g) Liu, 
R.; Zhou, X. J. Organomet. Chem. 2007, 692 (21), 4424-4435; (h) Wooles, A. J.; Mills, 
D. P.; Lewis, W.; Blake, A. J.; Liddle, S. T. Dalton Trans. 2010, 39 (2), 500; (i) 
Zimmermann, M.; Anwander, R. Chem. Rev. 2010, 110, 6194-6259; (j) Gibson, V. C.; 
Spitzmesser, S. K. Chem. Rev. 2003, 103 (1), 283-316; (k) Hong, S.; Marks, T. J. Acc. 
Chem. Res. 2004, 37 (9), 673-686; (l) Zeimentz, P. M.; Arndt, S.; Elvidge, B. R.; Okuda, 
J. Chem. Rev. 2006, 106 (6), 2404-2433; (m) Molander, G. A. Chem. Rev. 1992, 92, 29-
68; (n) Bartoli, G.; Marcantoni, E.; Marcolini, M.; Sambri, L. Chem. Rev. 2010, 110, 
 94 
6104-6143; (o) Jung, P. M. J.; Burger, A.; Biellmann, J.-F. Tetrahedron Lett. 1995, 36, 
1031-1034; (p) Sadler, S.; Persons, K. S.; Jones, G. B.; Ray, R. Bioorg. Med. Chem. Lett. 
2011, 21, 4638-4641; (q) Boojamra, C. G.; Parrish, J. P.; Sperandio, D.; Gao, Y.; 
Petrakovsky, O. V.; Lee, S. K.; Markevitch, D. Y.; Vela, J. E.; Laflamme, G.; Chen, J. 
M.; Ray, A. S.; Barron, A. C.; Sparacino, M. L.; Desai, M. C.; Kim, C. U.; Cihlar, T.; 
Mackman, R. L. Bioorg. Med. Chem. 2009, 17, 1739-1746. 
2. (a) Imamoto, T.; Takiyama, N.; Nakamura, K.; Hatajima, T.; Kamiya, Y. J. Am. 
Chem. Soc. 1989, 111, 4392-4398; (b) Imamoto, T.; Kusumoto, T.; Yokoyama, M. J. 
Chem. Soc., Chem. Commun. 1982, 1042-1044; (c) Imamoto, T.; Sugiura, Y.; Takiyama, 
N. Tetrahedron Lett. 1984, 25, 4233-4236. 
3. Luche, J. L. J. Am. Chem. Soc. 1978, 100 (7), 2226-2227. 
4. (a) Skrydstrup, T.; Audrain, H.; Ulibarri, G.; Grierson, D. S. Tetrahedron Lett. 
1992, 33, 4563-4566; (b) Wada, A.; Sakai, M.; Kinumi, T.; Tsujimoto, K.; Ito, M. 
Tetrahedron Lett. 1993, 34, 1069-1072. 
5. (a) Greeves, N.; Lyford, L. Tetrahedron Lett. 1992, 33, 4759-4760; (b) Dimitrov, 
V.; Kostova, K.; Genov, M. Tetrahedron Lett. 1996, 37, 6787-6790; (c) Matsukawa, S.; 
Funabashi, Y.; Imamoto, T. Tetrahedron Lett. 2003, 44, 1007-1010; (d) Krasovskiy, A.; 
Knochel, P. Synthesis 2006, 890-891; (e) Metzger, A.; Gavryushin, A.; Knochel, P. 
Synlett 2009, 1433-1436; (f) Krasovskiy, A.; Kopp, F.; Knochel, P. Angew. Chem., Int. 
Ed. 2006, 45, 497-500. 
6. Bihelovic, F.; Karadzic, I.; Matovic, R.; Saicic, R. N. Org. Biomol. Chem. 2013, 
11, 5413-5424. 
 95 
7. Evans, W. J.; Feldman, J. D.; Ziller, J. W. J. Am. Chem. Soc. 1996, 118, 4581-
4584. 
8. (a) Yokoo, K. M., Norioko; Taniguchi, Hiroshi; Fujiwara, Yuzo J. Organomet. 
Chem. 1985, 279, C19-C21; (b) Baudry, D. D., Alain; Hafid, Abderrafia. J. Organomet. 
Chem. 1995, 494, C22-C23. 
9. Heeres, H. J.; Maters, M.; Teuben, J. H.; Helgesson, G.; Jagner, S. 
Organometallics 1992, 11, 350-356. 
10. (a) Campello, M. P. C.; Calhorda, M. J.; Domingos, Â.; Galvão, A.; Leal, J. P.; 
Pires de Matos, A.; Santos, I. Journal of Organometallic Chemistry 1997, 538 (1–2), 
223-239; (b) Domingos, A.; Marques, N.; Pires de Matos, A.; Santos, I.; Silva, M. 
Organometallics 1994, 13 (2), 654-662. 
11. Matson, E. M.; Fanwick, P. E.; Bart, S. C. Organometallics 2011, 30 (21), 5753-
5762. 
12. Kraft, S. J.; Fanwick, P. E.; Bart, S. C. Organometallics 2013, 32, 3279-3285. 
13. Hogerheide, M. P.; Ringelberg, S. N.; Grove, D. M.; Jastrzebski, J. T. B. H.; 
Boersma, J.; Smeets, W. J. J.; Spek, A. L.; van Koten, G. Inorg. Chem. 1996, 35, 1185-
1194. 
14. Chen, L.; Breeze, S. R.; Rousseau, R. J.; Wang, S.; Thompson, L. K. Inorg. 
Chem. 1995, 34, 454-465. 
15. Berthet, J.-C.; Nierlich, M.; Miquel, Y.; Madic, C.; Ephritikhine, M. Dalton 
Trans. 2005, 369-379. 
 96 
16. (a) Evans, W. J.; Ulibarri, T. A.; Chamberlain, L. R.; Ziller, J. W.; Alvarez Jr, D. 
Organometallics 1990, 9, 2124-2130; (b) Lin, G.; McDonald, R.; Takats, J. 
Organometallics 2000, 19, 1814-1816. 
17. Tazelaar, C. G. J.; Bambirra, S.; van Leusen, D.; Meetsma, A.; Hessen, B.; 
Teuben, J. H. Organometallics 2004, 23, 936-939. 
18. Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751-767. 
19. Evans, W. J.; Keyer, R. A.; Ziller, J. W. Organometallics 1993, 12, 2618-2633. 
20. Dolg, M.; Stoll, H.; Preuss, H. J. Chem. Phys. 1989, 90, 1730-1734. 
21. (a) Evans, W. J.; Dominguez, R.; Hanusa, T. P. Organometallics 1986, 5, 1291-
1296; (b) Wang, S.-w.; Qian, H.-m.; Yao, W.; Zhang, L.-j.; Zhou, S.-l.; Yang, G.-s.; Zhu, 
X.-c.; Fan, J.-x.; Liu, Y.-y.; Chen, G.-d.; Song, H.-b. Polyhedron 2008, 27, 2757-2764; 
(c) Daniel, S. D.; Lehn, J.-S. M.; Korp, J. D.; Hoffman, D. M. Polyhedron 2006, 25, 205-
210. 
22. (a) Bordwell, F. G.; Algrim, D.; Vanier, N. R. J. Org. Chem. 1977, 42, 1817-
1819; (b) Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456-463. 
23. Levin, J. R.; Gu, J.; Carroll, P. J.; Schelter, E. J. Dalton Trans. 2012, 7870-7872. 
24. Basuli, F.; Tomaszewski, J.; Huffman, J. C.; Mindiola, D. J. Organometallics 
2003, 22, 4705-4714. 
25. Levin, J. R.; Gu, J.; Carroll, P. J.; Schelter, E. J. Dalton Trans. 2012, 41 (26), 
7870-7872. 
26. Boyle, T. J.; Ottley, L. A. M. Chem. Rev. 2008, 108, 1896-1917. 
 97 
27. Matthews, W. S.; Bares, J. E.; Bartmess, J. E.; Bordwell, F. G.; Cornforth, F. J.; 
Drucker, G. E.; Margolin, Z.; McCallum, R. J.; McCollum, G. J.; Vanier, N. R. J. Am. 
Chem. Soc. 1975, 97, 7006-7014. 
28. Cockerill, A. F.; Earls, D. W.; Jones, J. R.; Rumney, T. G. J. Am. Chem. Soc. 
1974, 96, 575-576. 
29. Bordwell, F. G.; Harrelson Jr, J. A. Can. J. Chem. 1990, 68, 1714-1718. 
30. Kim, J. E.; Weinberger, D. S.; Carroll, P. J.; Schelter, E. J. Organometallics 2014, 
33, 5948-5951. 
31. Hu, H.; Gao, H.; Song, K.; Liu, F.; Long, J.; Zhang, L.; Zhu, F.; Wu, Q. Polymer 
2008, 49, 4552-4558. 
32. Lee, S. Y.; Bergman, R. G. J. Am. Chem. Soc. 1996, 118, 6396-6406. 
33. (a) Patten, T. E.; Novak, B. M. J. Am. Chem. Soc. 1991, 113, 5065-5066; (b) 
Fukuwatari, N.; Sugimoto, H.; Inoue, S. Macromol. Rapid Commun. 1996, 17, 1-7; (c) 
Sun, Y.; Zhang, Z.; Wang, X.; Li, X.; Weng, L.; Zhou, X. Organometallics 2009, 28, 
6320-6330. 
34. (a) Brycki, B. M., H.; Brzezinski, B. J. Mol. Struct. 1991, 246, 61-71; (b) van der 
Schaaf, P. A.; Jastrzebski, J. T. B. H.; Hogerheide, M. P.; Smeets, W. J. J.; Spek, A. L.; 
Boersma, J.; van Koten, G. Inorg. Chem. 1993, 32, 4111-4118. 
35. Qu, B.; Collum, D. B. J. Org. Chem. 2006, 71 (18), 7117-7119. 
36. Bruker. SAINT. Bruker AXS inc., Madison, Wisconsin, USA: 2009. 
37. Bruker. SHELXTL. Bruker AXS Inc., Madison, Wisconsin, USA 2009. 
38. Sheldrick, G. M. SADABS. University of Gottingen, Germany: 2007. 
39. Sheldrick, G. M. Acta Cryst. 2008, A64, 112-122. 
 98 
40. v. d. Sluis, P.; Speck, A. L. Acta. Cryst. 1990, A46, 194. 
41. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, 
H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; 
Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, 
M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery Jr., J. A.; 
Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J.; Brothers, E. N.; Kudin, K. N.; 
Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A. P.; Burant, 
J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, N. J.; Klene, M.; Knox, J. 
E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; 
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; 
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; 
Dapprich, S.; Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; 
Fox, D. J. Gaussian 09, Gaussian, Inc.: Wallingford, CT, USA, 2009. 
42. Zhurko, G. A.; Zhurko, D. A. http://chemcraftprog.com/. 
 
 
 
 
 
 
 
 
 
 
 
 
Adapted with permission from New. J. Chem. 2015, 39, 6076–6084. 99 
Chapter 3:  
Structural Variation in Cerium Aryloxide Complexes 
Templated by Hemilabile K+-Amine Interaction   
3.1. Abstract 
A series of complexes with the formula K[Ce(OAr)(bdmmp)3] (Ar = –C6H5 (–
Ph), –C10H7 (–Naph), –2,4-tBu-C6H3 (–dtbp) and –2,6-Ph-C6H3 (–dpp)) and 
K[Ce(OAr)2(bdmmp)2] (Ar = –2,6-iPr-C6H3 (–dipp))  (bdmmp = 
(bis(dimethylamino)methyl-4-phenolate) are presented. The complexes were obtained 
through metathesis and protonolysis reactions from K[Ce(OTf)(bdmmp)3] or 
K[Ce(OtBu)(bdmmp)3] respectively. X-ray diffraction studies provide insight into the 
effect of the steric profile of the aryloxide ligand on perturbing the templating effect of 
the K+ ion with the pendent tertiary amine groups of the bdmmp– ligands. 
Characterization of the various –OAr derivatives through cyclic voltammetry and variable 
temperature 1H NMR studies demonstrate the impact of the substituents on the solution 
dynamics and redox properties. Additionally, an unusual example of a terminal 
cerium(III) hydroxide complex was isolated and characterized in solid state and in 
solution using the bdmmp framework. 
3.2. Introduction   
Ligand sterics and lability are key parameters in pursuit of targeted metal 
complexes in organolanthanide chemistry. Due to the high Lewis acidity and the largely 
ionic bonding of lanthanide cations, it is often hard to predict the coordination numbers 
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of lanthanide complexes with oligomerization as a common outcome.1 A key method to 
prevent oligomerization is the use of sterically encumbered ligands, which control the 
metal coordination sphere.2 For example, Boyle and coworkers studied structural changes 
of the trivalent lanthanide alkoxide and aryloxide complexes with variation of 
substituents on the ligands.3 The alkoxide and aryloxide complexes showed variable 
coordination geometries and coordination numbers with ligand substitution. Specifically, 
a cerium metal ion with neo-pentanolate ligands produced a symmetric tetramer whereas 
the tert-butanolate ligands generated two different cluster complexes depending on the 
reaction stoichiometry. 
Alkali metals are commonly incorporated into lanthanide metal complexes either 
purposefully in the secondary coordination sphere, or as “ate” complexes.4-8 Alkali metal 
cations in the secondary coordination sphere affect the structure of the resulting complex, 
as well as the electron density on the lanthanide metal center. Previously, our group 
studied the impact of changes in the secondary coordination sphere with different alkali 
metals on cerium redox chemistry.8-10  
In a related context, the van Koten group previously reported heterobimetallic rare 
earth metal complexes of three aryloxides with pendent amino groups in the ortho 
position, bis(dimethylamino)methyl-4-phenolate (bdmmp): Na[RE(Cl)(bdmmp)3], (RE = 
Y and Lu).11 The resulting –ate complex included one rare earth metal cation, chloride 
anion and a sodium cation. Recently, we reported a cerium congener with bdmmp– 
ligands, Na[Ce(OTf)(bdmmp)3] which, upon metathesis with Na(C≡CPh), produced the 
first structurally characterized Ce(III)–acetylide complex.12 Key here were the labilities 
of both the alkali metal and the pendant amine groups, which stabilized the coordination 
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environment at the cerium cation.   
For the current work, we set out to replace the triflate anion on the bdmmp– ligand 
framework with coordinating aryloxides of varying steric bulk. Specifically, we were 
interested in exploring the effect of this substitution on the stability of the resulting 
complexes. We expected that the labile dimethyl amino groups and potassium cation 
would rearrange to accommodate the bulky aryloxide groups, showing significant 
structural variation. We hypothesized that the change in geometry would influence the 
redox potential and the electron transfer rate along the series of substituents on the 
aryloxides, observed, for example, through peak-to-peak separations in cyclic 
voltammetry.13  
3.3. Results and discussion 
3.3.1. Synthesis and structural characterization     
Similar to the reported synthetic route to prepare Na[Ce(OTf)(bdmmp)3],12 three 
equiv of K(bdmmp) were reacted with one equiv of Ce(OTf)3 and the product: 
K[Ce(OTf)(bdmmp)3] (3.1) was crystallized from a saturated toluene solution at –35 ºC 
in 55 % yield (Scheme 3.3.1, Figure 3.3.1). In the bdmmp framework, both the alkali 
metal and the triflate ion were incorporated into the trivalent cerium metal complex, 
exhibiting a secondary structure with overall pseudo-3-fold symmetry in the solid state. 
The bond distances of 3.1 were comparable to those of Na[Ce(OTf)(bdmmp)3] (Table 
3.3.1). Unlike the reported structure of Na[Ce(OTf)(bdmmp)3] in which the triflate anion 
was found to be bridging between the CeIII and Na+ cations, the potassium cation was six-
coordinate in the structure of 3.1. The use of the potassium salt of bdmmp– was 
advantageous over the sodium salt because of the former’s larger ionic radius, which 
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conferred more interactions with the bdmmp ligands to create the pseudo-C3-symmetric 
structure. The KOTf was also easier to remove than the NaOTf byproduct due to its 
insolubility. 
The Ce(1)–Obdmmp bond lengths of 3.1 ranged from 2.285(3)–2.302(3) Å, while 
the long Ce(1)–OOTf distance of 2.576(3) Å, indicated its only weak coordination. In 
solution, 1H NMR spectroscopy of 3.1 revealed more resonances than expected for the C3 
symmetric solid state structure. The 19F NMR spectrum showed two peaks at –77 ppm 
and –85 ppm instead of the expected single peak (see Figure 3.7.1). The ratio of the two 
peaks was nearly 1:1 and occurred consistently after multiple recrystallizations. 
Therefore, we concluded that the two 19F NMR peaks indicated that the triflate anion of 
3.1 was in equilibrium between coordinated and free modes. We also posited the triflate 
should be easily replaced by simple salt metathesis.  
 
Scheme 3.3.1. Preparation of K[Ce(OTf)(bdmmp)3] (3.1). Adapted with permission from 
New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of 
Chemistry. 
 
Table 3.3.1. Comparison of structural parameters for Na[Ce(OTf)(bdmmp)3] and 
K[Ce(OTf)(bdmmp)3] (3.1). Adapted with permission from New Journal of 
Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of Chemistry. 
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Bond length (Å) Na[Ce(OTf)(bdmmp)3] K[Ce(OTf)(bdmmp)3] 
Ce(1)–OOTf 2.571(3) 2.576(3) 
Ce(1)–O(1) 2.310(3) 2.302(3) 
Ce(1)–O(2) 2.280(3) 2.288(3) 
Ce(1)–O(3) 2.316(3) 2.285(3) 
 
 
Figure 3.3.1. Thermal ellipsoid plot of K[Ce(OTf)(bdmmp)3] (3.1) at the 30 % 
probability level. Hydrogen atoms and interstitial solvents have been omitted for clarity. 
Selected bond distances (Å): Ce(1)–O(1) 2.3057(16), Ce(1)–O(2) 2.3177(16), Ce(1)–
O(3) 2.2735(17), Ce(1)–O(4) 2.5732(18), Ce(1)–N(1) 2.708(2), Ce(1)–N(3) 2.7339(19), 
Ce(1)–N(5) 2.695(2). Adapted with permission from New Journal of Chemistry 2015, 39, 
6076–6084, Copyright 2015, Royal Society of Chemistry. 
 
When complex 3.1 was treated with the salts KOAr (Ar = –C6H5 (–Ph), –C10H7 (–
Naph), –2,4-tBu-C6H3 (–dtbp) and –2,6-Ph-C6H3 (–dpp)) in THF for 2 h, followed by 
extraction with toluene to remove KOTf, complexes 3.2–3.5, K[Ce(OC6H5)(bdmmp)3] 
(3.2), K[Ce(OC10H7)(bdmmp)3] (3.3), K[Ce(OC6H3-2,4-tBu)(bdmmp)3] (3.4) and 
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K[Ce(OC6H3-2,6-Ph)(bdmmp)3] (3.5), were isolated in crystalline yields of 60–72 % 
(Scheme 3.3.2, Figure 3.3.3). Complexes 3.2-3.5 could also be synthesized through 
protonolysis in hexanes using K[Ce(OtBu)(bdmmp)3] (3.6, see section 3.5.6.8, Scheme 
3.3.2) with the related phenols. 
 
Figure 3.3.2. Thermal ellipsoid plot of K[Ce(OtBu)(bdmmp)3] (3.6) at the 30 % 
probability level. Hydrogen atoms and interstitial solvents have been omitted for clarity. 
Selected bond distances (Å): Ce(1)–O(1) 2.391(4), Ce(1)–O(2) 2.394(4), Ce(1)–O(3) 
2.399(4), Ce(1)–O(4) 2.249(4), Ce(1)–N(1) 2.727(5), Ce(1)–N(3) 2.749(5), Ce(1)–N(5) 
2.716(5). Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
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Scheme 3.3.2. Preparation of K[Ce(OAr)(bdmmp)3] (3.2–3.5) either by metathesis from 
K[Ce(OTf)(bdmmp)3] (3.1) or by protonolysis from K[Ce(OtBu)(bdmmp)3] (3.6). 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
 
The solid-state structures of 3.2-3.5 included one aryloxide ligand, three bdmmp– 
ligands and one potassium cation in the coordination sphere. The crystallographically 
determined structural parameters for complexes 3.2–3.5 are provided in Table 2. All of 
the Ce(1)–O bond lengths were consistent with reported CeIII–O bond distances.9 The 
bond lengths of Ce(1)–Obdmmp ranged from 2.3446(17) Å to 2.354(2) Å and were 
consistent among the four complexes. Ce(1)–Oaryloxide bond lengths varied depending on 
the ligand substituents and the coordination mode. Complexes 3.2 and 3.3 showed 
comparable Ce(1)–Oaryloxide bond lengths at 2.3256(15) Å and 2.3275(11) Å, similar to 
the Ce(1)–Obdmmp bond lengths. Complex 3.4 had the shortest Ce(1)–O(4) bond distance 
among the four complexes, presumably due to the electron rich substituents on the 2 and 
4 positions on the phenol. Complex 3.5 has the longest Ce(1)–Oaryloxide bond length within 
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the series due to the steric demand of the phenyl substituents at the ortho positions, as 
well as potassium–arene interactions of the ortho–phenyl groups. Compared to other 
homoleptic Ce(OR)3(sol)x complexes,3 the Ce(1)–O(4) bond lengths in 3.2–3.5 were 
longer, evidently due to the increased steric constraints of the bdmmp– framework. For 
example, the average bond lengths of Ce–OR in Ce(Odipp)3(THF)23 was 2.209(2) Å 
whereas the average bond distance of Ce(1)–O(4) in 3.2–3.5 was 2.3276(13) Å. 
 The Ln–O–Cphenyl angle was used as a metric to indicate steric encumbrance at 
the Ln metal center. As the Ln–O bond distance was reduced, the Ln–O–Cphenyl angle 
closed to less than 180˚.14 In 3.4, the Ce(1)–O(4)–C(40) angle was the smallest among 
3.2–3.5, which was consistent with the shortest Ce(1)–O(4) bond distance. The Ce(1)–
O(4)–C(40) bond angles  in 3.2-3.5 were in the range for previously reported 
Ce(OR)3(sol)x complexes. For 3.5, the Ce(1)–O(4)–C(40) bond angles for 3.4 and 3.5 
were 155.4 and 166.72(16), respectively, which is similar to the value in 
La(dbp)3(THF)314 and Ce(Odipp)3(THF)2.15 Complexes 3.2 and 3.3 had Ce(1)–O(4)–
C(40) bond angles of 176.57(16)˚ and 177.06(11)˚ respectively, indicating the linear 
coordination of the phenoxide and naphthoxide ligands. 
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Figure 3.3.3. Thermal ellipsoid plot of K[Ce(OPh)(bdmmp)3] (3.2, left) and 
K[Ce(ONaph)(bdmmp)3] (3.3, right) at 30 % probability level. Hydrogen atoms and 
interstitial solvents have been omitted for clarity. Selected bond distances (Å): (3.2) 
Ce(1)–O(1) 2.3467(14), Ce(1)–O(2) 2.3669(14), Ce(1)–O(3) 2.3365(15), Ce(1)–O(4) 
2.3256(15), Ce(1)–N(2) 2.7421(18), Ce(1)–N(4) 2.7229(19), Ce(1)–N(5) 2.7496(19). 
(3.3) Ce(1)–O(1) 2.3501(10), Ce(1)–O(2) 2.3445(10), Ce(1)–O(3) 2.3561(11), Ce(1)–
O(4) 2.3275(11), Ce(1)–N(1) 2.7263(13), Ce(1)–N(3) 2.7093(13), Ce(1)–N(5) 
2.7008(13). 
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Figure 3.3.4. Thermal ellipsoid plot of K[Ce(Odtbp)(bdmmp)3] (3.4, left) and 
K[Ce(Odpp)(bdmmp)3] (3.5, right) at 30 % probability level. Hydrogen atoms and 
interstitial solvents have been omitted for clarity. Selected bond distances (Å): (3.4) 
Ce(1)–O(1) 2.380(2), Ce(1)–O(2) 2.306(2), Ce(1)–O(3) 2.377(2), Ce(1)–O(4) 2.284(3), 
Ce(1)–N(1) 2.784(3), Ce(1)–N(3) 2.817(3), Ce(1)–N(5) 2.810(3). (3.5) Ce(1)–O(1) 
2.3123(17), Ce(1)–O(2) 2.3564(16), Ce(1)–O(3) 2.3652(17), Ce(1)–O(4) 2.3732(17), 
Ce(1)–N(2) 2.845(2), Ce(1)–N(6) 2.774(2). Adapted with permission from New Journal 
of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of Chemistry. 
 
Accommodation of the sterically bulky substituents was reflected in the secondary 
coordination spheres. Complexes 3.2 and 3.3 retained their gross C3 symmetry upon 
coordination of the phenoxide and naphthoxide ligands, however, complexes 3.4 and 3.5 
distorted from pseudo-3 fold symmetry due to the sterically encumbered substituents 
(Figure 3.3.3). The potassium-arene interaction in 3.5 also contributed to distortion of its 
solid state structure.  
The 2,6-dimethylphenolate derivative was also prepared. We expected the 
resulting complex, K[Ce(OC6H3-2,6-Me)(bdmmp)3] (3.7) would be intermediate between 
3.3 and 3.4 in terms of sterical and electronical parameters. However, the crystallographic 
analysis revealed that there were two molecules of 3.7 in the asymmetric unit and the one 
of the metal complexes was crystallized with a bdmmpH ligand interacting with the 
potassium cation (Figure 3.3.4).  
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Figure 3.3.5. Thermal ellipsoid plot of K[Ce(OC6H3–2,6-Me)(bdmmp)3] (3.7)  and 
K[Ce(OC6H3–2,6-Me)(bdmmp)3(bdmmpH)] (3.7–bdmmpH) at 30 % probability. 
Hydrogen atoms and interstitial solvents have been omitted for clarity. Selected bond 
distances (Å): Ce(1)–O(1) 2.398(5), Ce–O(2) 2.445(5), Ce(1)–O(3) 2.337(5), Ce(1)–O(4) 
2.277(5), Ce(2)–O(5) 2.310(5), Ce(2)–O(6) 2.388(5), Ce(2)–O(7) 2.380(5) and Ce(2)–
O(8) 2.303 (5). 
 
Structural complexity of 3.2–3.5 in solution was observed by variable temperature 
1H NMR spectroscopy. The 1H NMR peaks were assigned based on the reported complex 
Na[Ce(CCPh)(bdmmp)3].12 For complex 3.2 at 298 K, the phenyl group protons were 
paramagnetically shifted to 25.4 ppm (o-Ph), 14.4 ppm (m-Ph) and 12.3 ppm (p-Ph). Four 
different sets of –CH2NMe3 and –CH2NMe2 proton resonances were observed. The four 
different –CH2NMe3 peaks were assigned at 7.04, 5.75, 3.52, 2.44 ppm and –CH2NMe2 
groups at 6.47 ppm and –4.91, –8.02 and –13.4 ppm. As the temperature was increased, 
the distinctive –CH2NMe3 and –CH2NMe2 resonances coalesced at 340 K and at 360 K 
respectively (for VT NMR spectra, see Figure 3.7.7). Complex 3.3 had a similar 
temperature dependence in its 1H NMR spectroscopy, the six –ONaph peaks were 
paramagnetically shifted ranging 25.07 – 9.54 ppm each with four sets of –CH2NMe3 and 
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–CH2NMe2 resonances (Figure 3.7.13). They also coalesced at 360 K.  
Complexes 3.4 and 3.5 showed numerous broadened peaks at 298 K consistent 
with their distorted solid state geometries. To simplify the 1H NMR spectrum, the 
temperature was raised to 370 K, however, the resulting peaks were still too broad to 
definitively assign (see Figure 3.7.18 and 3.7.23). 
Table 3.3.2. Comparison of bonding metrics in 3.2-3.5. Adapted with permission from 
New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of 
Chemistry. 
 
Complex 
Ce(1)–O(4) 
(Å) 
Ce(1)–Obdmmp 
(Å, Avg.) 
Ce(1)–O(4)–C(40) 
(˚) 
3.2 Ce(OPh) 2.3256(15) 2.3500(14) 176.57(16) 
3.3 Ce(ONaph) 2.3275(11) 2.3502(10) 177.06(11) 
3.4 Ce(Odtbp) 2.284(3) 2.354(2) 155.4(2) 
3.5 Ce(Odpp) 2.3732(17) 2.3446(17) 166.72(16) 
 
The addition of 2,6-diisopropylphenoxide and 2,6-di-tert-butylphenoxide to the 
complex 3.1 produced the unexpected complexes 3.8 and 3.9; 2,6-diisopropylphenol 
(dippOH) displaced one of the bdmmp ligands and produced K[Ce(Odipp)2(bdmmp)2] 
(3.8, Scheme 3.3.3, Figure 3.3.5). A similar result was obtained by the protonolysis by 
treating K[Ce(OtBu)(bdmmp)3] (3.6) with one equivalent of 2,6-diisopropylphenol in 
hexanes. 
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Scheme 3.3.3. Preparation of K[Ce(Odipp)2(bdmmp)2] (3.8). Adapted with permission 
from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of 
Chemistry. 
 
K[Ce(Odipp)2(bdmmp)2] (3.8) was crystallized from toluene at –35 ˚C in 22 % 
yield. The crystal structure showed one of the two –Odipp ligand was coordinated 
directly to the cerium metal center and the other was bridging between the cerium and the 
K+ cations. The coordination number on the cerium metal ion and potassium cation was 
reduced from 7 to 6 and 6 to 5 respectively to relieve the steric encumbrance of the 
complex. We postulated the ligand displacement was the result of trying to accommodate 
the two sterically encumbered isopropyl groups. 
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Figure 3.3.6. Thermal ellipsoid plot of K[Ce(OC6H3-2,6-iPr)2(bdmmp)2] (3.8) at 30 % 
probability level. Hydrogen atoms and interstitial solvents have been omitted for clarity. 
Selected bond distances (Å): Ce(1)–O(1) 2.350(3), Ce(1)–O(2) 2.276(3), Ce(1)–O(3) 
2.284(3), Ce(1)–O(4) 2.266(3), Ce(1)–N(2) 2.754(4) Ce(1)–N(3) 2.704(4). Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
 
When 2,6-di-tert-butylphenol (dtbpOH) was treated with 3.6 in C6D6 and stirred 
for days, the unusual Ce(III)-OH complex: K[Ce(OH)(bdmmp)3] (3.9, Scheme 3.3.4, 
Figure 3.3.6) was produced. Complex 3.9 was also reproduced by stirring 3.6 in n-
hexanes for days, from which it was concluded that 3.9 was the decomposition product of 
3.6. When an NMR tube was charged with 3.6 in C6D6 and exposed to air, the solution 
immediately turned from a colorless solution to bright yellow solution and 3.9 along with 
tert-butanol were observed. Based on this observation, it was concluded that 3.9 was 
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formed by the hydrolysis of a tert-butoxide group of 3.6 (see Figure 3.7.27 and 3.7.29). 
 
Scheme 3.3.4. Preparation of K[Ce(OH)(bdmmp)3] (3.9). Adapted with permission from 
New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of 
Chemistry. 
 
Figure 3.3.7. Thermal ellipsoid plot of K[Ce(OH)(bdmmp)3] (3.9) at 30 % probability 
level. Hydrogen atoms and interstitial solvents have been omitted for clarity. Selected 
bond distances (Å): Ce(1)–O(1) 2.3373(14), Ce(1)–O(2) 2.3598(13), Ce(1)–O(3) 
2.3804(14), Ce(1)–O(4) 2.2725(15), Ce(1)–N(1) 2.7393(19), Ce(1)–N(3) 2.6979(17), 
Ce(1)–N(5) 2.7488(17). Adapted with permission from New Journal of Chemistry 2015, 
39, 6076–6084, Copyright 2015, Royal Society of Chemistry. 
 
Terminal hydroxide groups are rare in organolanthanide chemistry. The solid state 
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structure revealed that 3.9 was isostructural to K[Ce(OPh)(bdmmp)3] (3.2). The Ce(1)–
O(4) bond length was 2.2725(15) Å, which was consistent with a CeIII–Oalkoxide bond 
lengths. The complex 3.9 was further characterized by IR spectroscopy and cyclic 
voltammetry (see Figure 3.7.30 and Figure 3.8.11). In the IR spectrum, a sharp –OH 
stretch was observed at 3712 cm–1, which was consistent with previously reported Ln–
OH complexes, Nd(OH) at 3577 cm–1 and Y(OH) at 3350 cm–1.16, 17 Through cyclic 
voltammetry measurements, the CeIII/IV couple of 3.9 was determined to be –0.82 V 
versus Fc/Fc+. 
3.3.2. Electrochemical analysis of the complexes 3.2-3.5. 
 
Figure 3.3.8. Normalized cyclic voltammograms of 3.2 (green), 3.3 (blue), 3.4 (red) and 
3.5 (purple) in methylene chloride. Scan rate = 100 mV/s, K[Ce(OAr)(bdmmp)3] = ~3 
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mM, [nPr4N][BAr4F] = 0.1 M. Adapted with permission from New Journal of 
Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of Chemistry. 
 
Table 3.3.3. Electrochemical data for K[Ce(OAr)(bdmmp)3] (3.2–3.5). Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
 
K[Ce(OAr)(bdmmp)3] 
Epa  
[V vs. Fc] 
Epc 
[V vs. Fc] 
ΔE 
[V] 
3.2  Ce(OPh) -0.35 -0.68 0.33 
3.3  Ce(ONaph) -0.31 -0.66 0.35 
3.4  Ce(Odtbp) -0.25 -0.69 0.44 
3.5  Ce(Odpp) -0.71 -0.92 0.21 
 
Cyclic voltammetry of 3.2-3.5 was performed to determine the redox potentials 
and to interrogate electron transfer rates within 3.2–3.5.18 Previously our group found that 
accessibility of the cerium cation and the ability for the coordination sphere to open 
played key roles in oxidation chemistry.10 We expected the bulky aryl oxides would 
confer slower electron transfer rates at the cerium metal center, resulting in larger peak 
separation between the cathodic and the anodic waves. Solution electrochemical 
experiments showed waves corresponding to the CeIII/IV couple as well as oxidation 
waves for the aryloxide ligands (Figure 3.9.4 and 3.9.6). In order to assign of the CeIII/IV 
redox waves, lanthanum analogues of 3.3, 3.4 and 3.5 were prepared in similar synthetic 
routes to the Ce complexes (see section 3.5.5, section 3.5.6.3 and section 3.5.6.7, for 
electrochemistry, see Figure 3.8.5, 3.8.9, 3.8.10, 3.8.14 and 3.8.15). Cyclic 
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voltammograms of La analogues, 3.3–La, 3.4–La and 3.5–La only showed irreversible 
oxidation waves, corresponded to [–OAr]/[!OAr], including the bdmmp– ligands. The 
redox potentials (E1/2) for 3.2–3.5 ranged from –0.47 to –0.82 V versus Fc/Fc+, which 
indicated the tetravalent cation was stabilized by ~1.45–1.80 V relative to the oxidation 
potential of Ce(ClO4)3 in 1 M HClO4 (Table 3.3.3).19 This stabilization was due to the 
coordination of the four electron rich aryloxides, which supported the higher oxidation 
state. The CeIV/III couple for 3.5 was shifted by –0.30 V compared to 3.2 and 3.3 (Table 
3.3.3), due to the two phenyl substituents on the ortho positions.  
Comparing the ΔE of complexes 3.2 and 3.3 revealed their results were consistent 
(Table 3.3.3), with wave separations of 33 and 35 mV respectively. These results are in 
line with the similar steric profile of the phenoxide and napthoxide groups toward the 
cerium cation and correlated well with the similar solid state structures of those 
complexes. Comparing 3.2 and 3.3 with complex 3.4 revealed an increase in ΔE by about 
100 mV, which may be ascribed to a slower electron transfer rate from the larger steric 
encumbrance of the tert-butyl group at the 2,6-di-tert-butyl-phenoxide ligand, and/or the 
overall distorted structure of the complex, compared to 3.2 and 3.3. However, 
comparison to complex 3.5 with its ortho-phenyl groups at the phenoxide ligand, 
revealed a smaller ΔE of 210 mV, despite having a similar solid state structure to 3.4. 
Therefore for the complexes 3.2–3.5, the identity and steric demands of the axial 
phenoxide groups did perturb the Ce(IV/III) electron transfer kinetics. But a clear, 
systematic correlation between the solid state structures distorted through coordination of 
sterically encumbered ligands and the electron transfer rate that accompanies the ligand 
reorganization upon oxidation was not yet evident.  
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3.3.3. Oxidation reaction of K[Ce(ONaph)(bdmmp)3] (3.3).  
Scheme 3.3.5. Oxidation reaction of K[Ce(ONaph)(bdmmp)3] (3.3).  
 
 
 
Figure 3.3.9. Thermal ellipsoid plot of {K[Ce(ONaph)(bdmmp)3]}[BArF4] (3.3+) at 30 % 
probability level. Hydrogen atoms and interstitial solvents have been omitted for clarity. 
Selected bond distances (Å): Ce(1)–O(1) 2.198(3), Ce(1)–O(2) 2.153(3), Ce(1)–O(3) 
2.211 (4), Ce-O(4) 2.182(4) Ce(1)–N(1) 2.621(4), Ce(1)–N(3) 2.649(4) Ce(1)–N(6) 
2.674(4). 
 
The electrochemical data revealed that the Ce(IV) cation was accessible in the 
bdmmp framework. K[Ce(ONaph)(bdmmp)3] (3.3) was treated with FcBArF4 in 
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methylene chloride, and the pale yellow reaction solution turned to dark purple 
immediately, which was indicative of a resulting Ce(IV) complex. The solid state 
structure revealed that the gross structure was maintained as K[Ce(ONaph)(bdmmp)3] 
and a non-coordinating anion BArF4 was outer-sphere.  
Table 3.3.4. Comparison in bonding metrics between 3.3 and 3.3+.  
 
Complex 3.3 3.3+ 
Avg. Ce(1)–O (Å) 2.3446(11) 2.186(4) 
Avg. K–O (Å) 2.7348(11) 2.861(4) 
 
The avg. Ce(1)–O bond distances were shortened from 2.3446(11) Å to 2.186(4) 
Å between 3.3 and 3.3+, which was consistent with the ionic radii difference between 
Ce(III) and Ce(IV) (Table 3.3.4).20 To the contrary, the average K–O distance was 
elongated by 0.126 Å, which was evidence that only the Ce(1)–O bond lengths were 
shortened due to the higher charge density on the metal center.  
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Figure 3.3.10. UV-Vis spectrum of {K[Ce(ONaph)(bdmmp)3]}[BArF4] (3.3+) in 
methylene chloride (blue) and THF (purple).  
 
A solution UV-Vis measurement revealed a characteristic LMCT band for the 
Ce(IV) cation (Figure 3.3.9). In each solvent, the λmax were 511 nm (in THF) and 484 nm 
(in methylene chloride). The higher λmax in the THF solvent was due to the larger 
stabilization of the charge-separated complex in the more polar solvent.  
3.3.4. Synthesis and characterization of K[Ce(NHdipp)2(bdmmp)2] (3.10). 
Complexes of metal ligand multiple bonds have been extensively studied to 
understand their stabilities and structures.21 The studies of these complexes were largely 
devoted to their essential roles to organic transformations, namely olefin metathesis 
reactions or Fischer-Tropsch chemistry.21  
Compared to the isolated metal complexes with metal-ligand multiple bonds using 
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transition metal cations, the number of lanthanide metal complexes is scarce.22 
Computational studies found that in many cases, the 5d orbitals of the lanthanide metal 
cations were primarily involved in the lanthanide metal imido bonds, due to the core-like 
character of the 4f orbitals.21, 22 The difficulties of isolating stable lanthanide imido 
complexes may be a factor of the large energy difference between the 5d metal and 2p 
ligand orbitals,23 resulting in reactive Ln=N bonds.24 It was therefore of interest to pursue 
CeIV=N moieties. 
One of the proposed synthetic routes to isolate complexes with Ln=N bonding 
was simple deprotonation of the metal-coordinated anilides.25 For example, 
Na[Yb(NHAr)4] (Ar = 2,6-iPr-C6H3) was prepared and the –NHAr protons were 
deprotonated by using 4 equiv of nBuLi base. The Yb–Nimido–Cipso angles in the X-ray 
structure of the resulting compound, {(iPr2C6H3N)2Yb(µ-NC6H3iPr 
2)}2{[Li2(THF)][Na(THF)]}2, were close to 180˚, which ranged from 167.5(2)–171.4(1) ˚, 
supporting the formation of Yb=N bonds.25  
Toward our goal of preparing a tetravalent cerium imido complex, we sought to 
synthesize complexes of the KCebdmmp framework. Our planned synthetic route was 
coordination of a anilide (–NHdipp, dipp = 2,6-iPr-C6H3) to the Ce(III) metal center, then 
deprotonation of the coordinated anilide. We assumed that the pKa of the proton at the –
NHdipp would be lowered by coordination to the metal cation26 and by the potential for 
hydrogen bonding with the surrounding tertiary amines.27 First, KNH(dipp) was treated 
with K[Ce(OTf)(bdmmp)3] (3.1) resulting in K[Ce(NHdipp)2(bdmmp)2] (3.10, Figure 
3.3.10). The solid state structure of 3.10 was similar with that of K[Ce(Odipp)2(bdmmp)2] 
(3.8), displacing one of the bdmmp ligands and having two –NH(dipp) and two bdmmp 
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ligands.  
       
Figure 3.3.11. Thermal ellipsoid plot of K[Ce(NHdipp)2(bdmmp)2] (3.10) at 30 % 
probability level. Hydrogen atoms and interstitial solvents have been omitted for clarity. 
Selected bond distances (Å): Ce(1)–O(1) 2.3140(15), Ce(1)–O(2) 2.3206(15), Ce(1)–
N(5) 2.452(2), Ce(1)–N(6) 2.4314(19). 
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Figure 3.3.12. 1H NMR spectrum of K[Ce(NHdipp)2(bdmmp)2] (3.10) in benzene-d6. 
 
Although, the 3.10 was not our desired target complex, we were interested in 
using it in pursuit of a cerium imido complex. Mindiola and coworkers reported the 
preparation of Ti(IV) alkylidene complexes by oxidation reactions of four coordinate Ti 
complexes.28 Once the Ti(III) was oxidized to Ti(IV), the stronger Lewis acidic Ti(IV) 
species promoted the formation of a Ti=C bond, while eliminating tBuCH3.
 
Scheme 3.3.6. Reported synthesis of a titanium alkylidene complex.  
 
In a similar fashion, the compound 3.10 was reacted with Ph3CCl and Ph3CBr at –
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100 ˚C and slowly warmed to room temperature. During thawing to room temperature, 
the reaction solution became either dark red-brown (using Ph3CCl) or dark purple (using 
Ph3CBr). 1H NMR spectroscopy revealed diamagnetic resonances including both 
Gomberg’s dimer and free H2Ndipp. These observation provided evidence that the 
Ce(III) cation was oxidized to Ce(IV), eliminating free H2Ndipp. The resulting products 
were interrogated with X-ray crystallography, however, we were unable to obtain crystals 
of sufficient quality.  
 
Figure 3.3.13. 1H NMR spectrum of treating K[Ce(NHdipp)2(bdmmp)2] (3.10) with 
Ph3CCl.  
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Figure 3.3.14. 1H NMR spectrum of treating K[Ce(NHdipp)2(bdmmp)2] (3.10) with 
Ph3CBr. 
 
3.4 Summary 
We have prepared a series of lanthanum and cerium aryl oxide complexes with 
different substituents through either metathesis or protonolysis reactions. The series of 
complexes were fully characterized, including using X-ray crystallography and Variable 
Temperature NMR spectroscopy. Cyclic voltammetry was measured for the complexes 
3.2–3.5 and found that tetravalent cerium cation was stabilized due to the coordination of 
electron rich aryloxide ligands. Within the series of complexes, a correlation of electron 
transfer rates with solid state structures and aryloxide steric encumbrances, qualitatively 
judged by the peak to peak cathodic and anodic wave separations, was not evident in the 
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series of complexes. We conclude that further work with subtler axial ligand steric 
variations will be required to elucidate the impact on cerium ET rates. A terminal cerium 
hydroxide complex was isolated and characterized in both the solid and solution state. 
Additionally, according to the collected electrochemistry data, the 
K[Ce(OAr)(bdmmp)3] framework showed easy access to the tetravalent cerium cation. 
The oxidation reactions of 3.3 were performed with FcBArF4 and the resulting product 
was isolated and characterized. In light of the strong interest in Ce(IV) imido complex, 
attempts at treating K[Ce(NHdipp)2(bdmmp)2] with Ph3CX (X = Cl and Br) were 
performed but solid state characterization was not available to confirm the desired 
products. 
3.5 Experimental 
3.5.1 General Methods  
Unless otherwise indicated all reactions and manipulations were performed under 
an inert atmosphere (N2) using standard Schlenk techniques or in a Vacuum 
Atmospheres, Inc. Nexus II drybox equipped with a molecular sieves 13X / Q5 Cu-0226S 
catalyst purifier system. Glassware was oven-dried overnight at 150 °C prior to use. 1H 
and 19F spectra were obtained on a Bruker DMX-300 or DMX-360 Fourier transform 
NMR spectrometer operating at 1H frequency of 300 MHz or 360 MHz, respectively. 
13C{1H} spectra were obtained on a Bruker AM-500 Fourier transform NMR 
spectrometer at 125 MHz. Variable Temperature 1H NMR spectra were obtained on a 
Bruker DMX-360 Fourier transform NMR spectrometer operating at 1H frequency of 360 
MHz. Chemical shifts were recorded in units of parts per million referenced against 
residual proteo solvent peaks (1H) or fluorobenzenes (19F). Elemental analyses were 
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performed either at the University of California, Berkeley Microanalytical Facility using 
a PerkinElmer Series II 2400 CHNS analyzer or at Complete Analysis Laboratories, Inc. 
using a Carlo Erba EA 1108 analyzer. 
3.5.2. Materials 
Tetrahydrofuran, toluene, dichloromethane, hexanes were purchased from Fisher 
Scientific. The solvents were sparged for 20 min with dry argon and dried using a 
commercial two-column solvent purification system comprising columns packed with Q5 
reactant and neutral alumina respectively (for hexanes), or two columns of neutral 
alumina (for THF, toluene and CH2Cl2). Deuterated solvents were purchased from 
Cambridge Isotope Laboratories, Inc. and stored over potassium mirror overnight or 
stored over 4 Å molecular sieves for 2 days prior to use. Cerium(III) triflate and 
lanthanum(III) triflate (Strem Chemicals Inc.) were dried under vacuum at 150 °C for 12 
hours before use. The supporting electrolyte, [nPr4N][B(3,5-(CF3)2-C6H3)4], was also 
prepared according to literature procedures.29 The 2,6-bis(dimethylamino)methyl-4-
phenol (bdmmpH) was prepared according to the literature procedures using 
dimethylamine (HNMe2).30 Phenol (Alfa Aesar), 2,4-di-tert-butylphenol (Acros 
Organics), 2,6-diphenylphenol (Acros Organics), 2,6-di-tert-butylphenol (Acros 
Organics) were recrystallized in hot hexanes twice prior to use. 2-naphthol (Sigma 
Aldrich) was purified by sublimation at 120 ˚C before use. Potassium tertbutoxide (Acros 
Organics), 2,6-diisopropylphenol (Acros Organics) and KN(SiMe3)2 (Sigma Aldrich) 
were purchased and used as received.  
3.5.3.  Synthesis of Kbdmmp. 
A 20 ml scintillation vial was charged with bdmmpH, 5 ml THF and a Teflon-
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coated stir bar. 0.95 equiv of KN(SiMe3)2 was dissolved separately in 10 ml THF and 
slowly added. White solid precipitated immediately and the reaction mixture was stirred 
vigorously for 1 h at room temperature. The white solid was collected by filtration and 
washed with THF (2 × 10 ml). Yield 1.9 g (7.3 mmol, 81 %).  
3.5.4. Synthesis of K[Ce(OTf)(bdmmp)3] (3.1)   
A 20 ml scintillation vial was charged with Kbdmmp (1.9 g, 7.3 mmol, 3 equiv), 
THF (5 ml) and a Teflon-coated stir bar. Ce(OTf)3 (1.43 g, 2.43 mmol) was suspended in 
THF (5 ml) and added with stirring. The reaction mixture was stirred at room temperature 
for 5 h during which time it became a clear, yellow solution with the appearance of solid 
K(OTf) salt. The reaction mixture was filtered through a Celite-packed coarse porosity 
fritted filter, and the solvent was removed under reduced pressure. The crude product was 
extracted by toluene twice and the solvent was removed under reduced pressure. 
Colorless crystals were grown from a saturated toluene solution at –35 ºC. Crystalline 
yield 55 %. 19F NMR (300 MHz, C6D6) δ: –85.1 & –77.0 (s, –O3SCF3). 1H NMR (300 
MHz, C6D6) δ: 19.24, 16.94 15.94, 14.37, 10.96, 9.02, 8.12, 7.65, 7.11 (m, toluene), 7.03 
(m, toluene), 6.94 (m, toluene), 6.18, 5.87, 4.37, 4.29, 3.92 (s, –CH2NMe2), 3.60, 2.98, 
2.45, 2.32, 2.11, 1.36, 1.04, 0.75, –1.50, –6.22, –10.7, –17.42, –34.52. Anal. Calc’d for 
3.1!(tol): C, 52.06; H, 6.60; N, 7.75. Found: C, 52.35; H, 6.23; N, 7.68.  
3.5.5. Synthesis of K[La(OTf)(bdmmp)3] (3.1–La)  
In 20 ml scintillation vial was charged with Kbdmmp (438 mg, 1.683 mmol), 5 ml 
THF and a Teflon-coated stir bar, La(OTf)3 (328.8 g, 0.561 mmol) was added as a solid. 
The reaction mixture was stirred for 2 h during which time it became a pale yellow 
solution with K(OTf) salt. The reaction mixture was dried under reduced pressure. The 
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pale yellow crude was extracted by toluene twice. Yield 56.2 %. 1H NMR (300 MHz, 
C6D6) δ: 6.89 (br, 2H, Ar-H), 6.78 (d, 4H, Ar-H), 5.02 (d, 2H, –CH2NMe2), 4.84 (br, 1H), 
4.11 (d, 2H, –CH2NMe2), 3.51 (br, 2H, –CH2NMe2), 3.24 (br, 1H), 2.63 (d, 2H, –
CH2NMe2), 2.39 (s, 9H, p–CH3), 2.33 (s, 12 H, –NMe2), 2.24 (s, 12 H, –NMe2), 2.11 
(toluene), 2.06 (overlapping with toluene, 2H, –CH2NMe2), 1.59 (s, 12 H, –NMe2). 19F 
NMR (300 MHz, C6D6) δ: –76.73 & –77.22 (s, –O3SCF3). 13C NMR (125 MHz, toluene-
d8, 13C NMR was measured in toluene-d8 in order to prepare concentrated sample) δ: 
162.40, 133.81, 132.48, 125.92, 125.00, 122.80, 66.23, 61.93, 45.48, 45.17, 42.24. Anal. 
Calc’d for 3.1–La: C, 48.48; H, 6.41; N, 8.48. Found: C, 48.34; H, 6.52; N, 8.16. 
3.5.6. Preparation of K[Ce(OAr)(bdmmp)3] (3.2–3.5). 
Method 1. KOAr was prepared by the reaction of HOAr with KN(SiMe3)2 in 
THF, then dried by applying reduced pressure. White solid was washed by hexane and 
dried under reduced pressure. A 20 ml scintillation vial was charged with 
K[Ce(OTf)(bdmmp)3] (100 mg, 0.101 mmol, 1 equiv), THF (1 ml) and a Teflon-coated 
stir bar. KOAr (0.121 mmol, 1.2 equiv) was suspended in THF (2 ml) and added with 
stirring. The reaction mixture was stirred at room temperature for 3 h during which time 
it became light yellow solution with the appearance of solid K(OTf) salt. The solvent was 
removed under reduced pressure. The pale yellow residue was then suspended in 5 mL 
toluene, filtered through a Celite-packed coarse porosity fritted filter, and rinsed with 
toluene, 2 × 5 ml. The toluene was removed by from the filtrate under reduced pressure to 
produce the crude as pale yellow solid. The crude product was extracted with toluene 
again and dried under reduced pressure. Colorless crystals were grown from saturated 
toluene at –35 ºC temperature.  
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Method 2. A 20 ml scintillation vial was charged with K[Ce(OtBu)(bdmmp)3], 
hexanes (2 ml) and a Teflon-coated stir bar. Then an equivalent of the corresponding 
phenols was added. The reaction mixture was stirred for 4 h. Volatiles were removed by 
applying reduced pressure. The products were purified by crystallizations in saturated 
toluene at –35 ˚C. 
3.5.6.1. K[Ce(OC6H5)(bdmmp)3] (3.2)  
Colorless crystals. Crystalline yield 67 %. 1H NMR (300 MHz, C6D6) δ: 25.6 (s, 
o-Ph, 2H), 14.5 (s, m-Ph, 2H), 12.4 (s, p-Ph, 1H), 7.13 (s, Ar–H, 3H), 6.66 (s, –NMe2 & –
CH2NMe2, 18H), 6.04 (s, Ar–H, 3H), 3.59 (s, –CH2NMe2, 3H overlapping), 2.28 (s, –
CH2NMe2, 3H), 1.22 (s, p-Me, 1H), –5.12 (br, –NMe2, 8H), –8.66 (s, –NMe2, 9H), –
14.11 (br, –CH2NMe2, 3H). Anal. Calc’d for 3.2: C, 57.73; H, 7.32; N, 8.98. Found: C, 
57.49; H, 7.04; N, 9.02.   
3.5.6.2. K[Ce(OC10H7)(bdmmp)3] (3.3)  
Colorless crystals. Crystalline yield 20.2 %. 1H NMR (300 MHz, C6D6) δ: 25.2 
(m, Ar-H (naphthoxide), 2H), 14.5 (s, Ar-H (naphthoxide), 1H), 12.3 (d, Ar-H 
(naphthoxide), 1H), 11.5 (d, Ar-H (naphthoxide), 1H), 9.83 (t, Ar-H (naphthoxide), 1H), 
9.64 (t, Ar-H (naphthoxide), 1H), 7.12 (s, Ar-H, 3H), 6.47 (s, –NMe2,18H), 5.99 (s, Ar-
H, 3H), 3.52 (s, –CH2NMe2, 3H), 2.45 (s, –CH2NMe2, 3H), 1.26 (s, p-Me, 9H), –4.75 
(br, –NMe2, 8H), –8.21 (s, –NMe2 & –CH2NMe2, 12H), –13.5 (br, –CH2NMe2, 3H). 
Anal. Calc’d for 3.3: C, 59.67; H, 7.15; N, 8.52. Found: C, 60.06; H, 6.71; N, 8.29.  
3.5.6.3. K[La(OC10H7)(bdmmp)3]!(tol)1.5 (3.3-La)  
In 20 ml scintillation vial charged with K[La(OTf)(bdmmp)3] (170 mg, 0.172 
mmol) in 3 ml THF, KOC10H7 (31.3 mg, 0.172 mmol) was added as solid. The reaction 
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mixture was stirred for 2 h. The solvent was removed by applying reduced pressure. The 
pale yellow crude was extracted by toluene. Yield 59 %. 1H NMR (500 MHz, C6D6) δ: 
7.66–7.62 (m, 3H, Ar-H (naphthoxide)), 7.28–7.25 (m, 1H, Ar-H (naphthoxide)), 7.16–
7.08 (m, overlapping with C6D6, 3H, Ar-H (naphthoxide)), 6.99–6.96 (m, 2H, Ar–H), 
6.82 (s, 4H, Ar–H), 5.07 & 5.05 (d, 2H, –CH2NMe2), 4.25 & 4.23 (d, 2H, –CH2NMe2), 
3.46 (s), 2.74 & 2.72 (d, 2H, –CH2NMe2), 2.35 (s, 16 H, –NMe2), 2.25 (s, 9H, p-CH3), 
2.20 (s, overlapping, 3H, –CH2NMe2), 2.08 (s, 2H, –CH2NMe2), 2.02 (s, 6 H, –NMe2), 
1.64 (s, 10 H, –NMe2). 13C NMR (125 MHz, C6D6) δ: 166.56, 163.61, 137.89, 133.68, 
132.41, 130.00, 129.67, 128.90, 127.19, 126.27, 126.03, 125.25, 125.02, 124.21, 121.10, 
112.57, 65.94, 62.07, 45.25, 21.06. Anal. Calc’d for 3.3–La: C, 63.62; H, 7.36; N, 7.48. 
Found: C, 63.57; H, 7.56; N, 7.29. 
3.5.6.4. K[Ce(OC6H3-2,4-tBu)(bdmmp)3] (3.4)  
Colorless crystals. Crystalline yield 72 %. 1H NMR (360 MHz, C6D6) δ: 14.7, 
11.7, 11.0, 10.3, 10.0, 8.59, 7.96, 6.17 (br), 5.44, 4.17, 3.57, 3.15, 2.68, 2.24, 2.12, 2.05, 
1.61, 1.38, 0.88, 0.30, 0.12, –0.09, –1.47, –4.73 (br), –6.11 (br), –12.9 (br), –20.0 (br). 
Anal. Calc’d for 3.4: C, 61.79; H, 8.15; N, 7.72. Found: C, 61.87; H, 8.43; N, 7.55.  
3.5.6.5. K[La(OC6H3-2,4-tBu)(bdmmp)3]!(tol)0.5!(hexanes)0.6 (3.4-La)   
In 20 ml scintillation vial charged with K[La(OTf)(bdmmp)3] (170 mg, 0.172 
mmol) in 3 ml THF, K(OC6H3-2,4-tBu) (41.9 mg, 0.172 mmol) was added as solid. The 
reaction mixture was stirred for 2 h. The solvent was removed by applying reduced 
pressure. The pale yellow crude was extracted by toluene. Yield 90 %. 1H NMR (500 
MHz, C6D6) δ: 7.61, 7.55, 7.16 (overlapping with C6D6), 7.14, 7.03, 6.90, 6.86, 5.15 & 
5.13 (d), 5.10 & 5.08 (d), 4.88 (br), 4.64 (br), 4.47 (br), 4.37 (br), 4.29 & 4.27 (d), 4.18 & 
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4.15 (d), 4.00 (br), 3.54, 3.32, 2.80 & 2.77 (d), 2.73 & 2.71 (d), 2.56, 2.39, 2.33, 2.28, 
2.21, 2.11, 2.03, 1.70, 1.66, 1.47, 1.04, 1.02, 0.96, 0.94, 0.92, 0.91. 13C NMR (125 MHz, 
C6D6) δ: 163.69, 163.54, 162.30, 136.67, 134.86, 133.81, 133.63, 132.47, 125.84, 125.45, 
124.97, 124.62, 124.07, 123.68, 121.73, 68.16, 66.09, 64.50, 61.81, 46.24 (br), 45.17, 
36.75, 35.58, 35.34, 35.22, 34.64, 32.66, 32.31, 30.99, 29.78, 27.60, 26.00, 23.40, 21.26, 
20.95, 19.32, 14.71, 12.02. Anal. Calc’d for 3.4–La: C, 63.04; H, 8.49; N, 7.34. Found: 
C, 63.04; H, 8.68; N, 7.09. 
3.5.6.6. K[Ce(OC6H3-2,6-Ph)(bdmmp)3] (3.5)  
Colorless crystals. Crystalline yield 63 %. 1H NMR (300 MHz, C6D6, 300 K) δ: 
14.5, 13.0 (br), 10.9, 8.55, 8.20, 7.82, 5.94, 5.40, 4.99, 4.40, 3.51, 3.20, 2.88, 2.24, 2.05, 
1.67, 1.46, 1.36, 0.92, 0.31, –1.15, –7.53 (br), –15.6. Anal. Calc’d for 3.5: C, 62.90; H, 
7.04; N, 7.72. Found: C, 62.61; H, 6.97; N, 7.69. 
3.5.6.7. K[La(OC6H3-2,6-Ph)(bdmmp)3]!(tol)0.25 (3.5-La)  
In 20 ml scintillation vial charged with K[La(OTf)(bdmmp)3] (170 mg, 0.172 
mmol) in 3 ml THF, KOC6H3-2,6-Ph (48.8 mg, 0.172 mmol) was added as solid. The 
reaction mixture was stirred for 2 h. The solvent was removed by applying reduced 
pressure. The pale yellow crude was extracted by toluene. Yield 48 %. 1H NMR (500 
MHz, C6D6) δ: 7.94–7.93 (m), 7.73–7.71 (m), 7.62 (br), 7.33 (m), 7.21–7.16 (m), 7.10–
7.05 (m), 6.88 (m), 6.84, 6.81, 6.74, 5.13 & 5.11 (m), 5.08 & 5.05 (d), 4.91 (br), 4.28 & 
4.26 (d), 4.16 & 4.14 (d), 3.54, 3.31 (br), 2.77 & 2.75 (d), 2.69 & 2.67 (d), 2.42, 2.35, 
2.28, 2.16, 2.10, 1.87 (br), 1.73, 1.69, 1.64. 13C NMR (125 MHz, C6D6) δ: 163.86, 
163.43, 163.07, 162.37, 138.21, 133.75 (br), 132.48 (br), 131.22, 129.67, 128.81, 126.03, 
124.95, 127.79, 121.66, 115.69, 68.15, 66.11, 61.84, 60.64, 45.98 (br), 45.24 (br), 42.24, 
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21.78, 21.16, 21.03, 20.95. Anal. Calc’d for 3.5–La: C, 63.55; H, 7.08; N, 7.57. Found: 
C, 63.57; H, 7.56; N, 7.29.     
3.5.6.8. K[Ce(OtBu)(bdmmp)3] (3.6)  
A 20 ml scintillation vial was charged with K[Ce(OTf)(bdmmp)3] (250 mg, 0.252 
mmol, 1 equiv), THF (2 ml) and a Teflon-coated stir bar. KOtBu (31.1 mg, 0.277 mmol, 
1.1 equiv) was suspended in THF (2 ml) and added with stirring. The reaction mixture 
was stirred at room temperature for 3 h during which time it became colorless solution. 
The solvent was removed under reduced pressure. The pale yellow residue was then 
suspended in 3 mL toluene, filtered through a Celite-packed coarse porosity fritted filter, 
and rinsed with toluene, 2 × 2 ml. The toluene was removed by from the filtrate under 
reduced pressure to produce the crude as pale yellow solid. The crude product was 
extracted with hexane again and dried under reduced pressure. Colorless crystals were 
grown from saturated toluene at –35 ºC temperature. Colorless crystals. Crystalline yield 
60 %. 1H NMR (300 MHz, C6D6) δ: 23.4 (s, –OtBu, 9H), 8.37 (s, –NMe2, 18H), 6.76 (s, 
–Ar-H, 3H), 4.03 (s, –CH2NMe2, 4H), 1.06 (s, –Ar-H, 3H), 0.92 (s, p-CH3, 9H), –12.2 & 
–14.6 (br, –NMe2, 18H). Anal. Calc’d for 3.6: C, 56.36; H, 7.92; N, 9.17. Found: C, 
56.08; H, 7.68; N, 8.85. 
3.5.6.9. K[Ce(OC6H3-2,6-iPr)2(bdmmp)2] (3.8)  
In 20 ml scintillation vial charged with K[Ce(OTf)(bdmmp)3] (3.1) (150 mg, 
0.151 mmol) in 3 ml THF,  2 equiv K(OC6H3-2,6-iPr) (65.6 mg, 0.303 mmol) in 1 ml 
THF was added and stirred 4 h. The reaction was dried under reduced pressure and the 
product was extracted in 5 ml toluene. The toluene filtrate was dried and the product was 
extracted by 5 ml hexanes again. The colorless crystals were grown in saturated hexanes 
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at –35 ˚C. Colorless crystals. Crystalline yield 22 %. 1H NMR (300 MHz, C6D6) δ: 22.7, 
14.4, 12.1(br), 11.7, 11.5, 11.0 (d), 10.3, 10.1, 9.93, 8.47, 8.18, 7.81, 7.03, 6.77, 6.02, 
5.31, 4.54, 3.93, 3.72, 3.54, 3.12, 2.84, 2.61, 2.24, 2.11, 2.09, 1.98, 1.89, 1.79, 1.63, 1.39, 
0.21, –1.23, –4.68 (br), –19.9 (br) Anal. Calc’d for 3.8: C, 61.36; H, 8.05; N, 6.51. 
Found: C, 61.02; H, 7.61; N, 6.67. 
3.5.6.10. K[Ce(OH)(bdmmp)3] (3.9)  
In 20 ml scintillation vial, K[Ce(OtBu)(bdmmp)3] (3.6) (270 mg, 0.30 mmol)  was 
charged in 10 ml hexanes and stirred for days. The reaction was monitored by 1H NMR 
spectroscopy in order to see the complete convergence of the reaction. Then the reaction 
was filtered and dried under reduced pressure. The colorless crystals were grown in 
saturated toluene at –35 ˚C. Crystalline yield 22 %. 1H NMR (300 MHz, C6D6) δ: 8.57, 
8.20, 7.81, 6.93, 6.38, 3.83, 3.51, 2.88, 2.06, 1.23, 0.89, 0.74, 0.59, –1.21, –6.33, –12.04, 
–12.91, –20.70. Anal. Calc’d for 3.9: C, 54.46; H, 7.53; N, 9.77. Found: C, 54.29; H, 
7.50; N, 9.75. 
3.5.6.11. [KCe(ONaph)(bdmmp)3][BArF4] (3.3+). 
In 50 ml Schlenk flask, K[Ce(OC10H7)(bdmmp)3] (170 mg, 0.172 mmol, 1 equiv), 
FcB(C6H3-3,5-CF3)4 (FcBArF4, 199 mg, 0.190 mmol, 1.1 equiv) and Teflon-coated stir 
bar were charged in the drybox. Then the Schlenk flask was brought out and taken on the 
Schlenk line under N2 then cooled down to 0 ºC with ice bath. 20ml of methylene 
chloride was added slowly by syringe then dark purple solution was formed immediately. 
The reaction mixture was stirred for 3 h warming up to room temperature. The methylene 
chloride was removed under reduced pressure on the Schlenk line then the dark purple 
solid was brought into the drybox. The crude 3.3+ was extracted by toluene (10ml) then 
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filtered through celite-padded frit. Then the toluene was removed by applying reduced 
pressure. The crude 3.3+ was washed by cold pentane (7 ml x 3) to remove the ferrocene 
(The pentane was added and stirred, then decanted the pentane by pipette. The pentane 
solution is orange because of the ferrocene. This procedure was repeated three times). 
The product was dried under reduced pressure. Dark purple crystals were grown in 
saturated methylene chloride at –35 ºC. Crystalline yield 0.124 g, 39.0 %. 1H NMR (300 
MHz, C6D6) δ: 8.38 (s, 8H, [BArF4]–), 7.64 (br, 8H, [BArF4]– & –OC10H7), 6.90 (s, 3H, –
OC10H7), 6.78 (s, 4H, Ar-H), 6.57 (s, 2H, Ar-H), 4.94 (d, 2H, –CH2NMe2), 3.82 (d, 2H, –
CH2NMe2), 3.39 (s, 5H, –NMe2), 3.00 (d, 2H, –CH2NMe2), 2.29-2.20 (s, 19H, p-Me & –
NMe2), 1.98 (s, 10H, –NMe2), 1.42 (s, 10H, –NMe2), 0.96(d, 2H, –CH2NMe2), 19F NMR 
(300 MHz, C6D6) δ: –62.04 (s, [BArF4]–), 11B NMR (400 MHz, C6D6) δ: –6.23 (s, 
[BArF4]–). Anal. Calcd for 3.3+ (with one molecule of dichloromethane): C, 50.91; H, 
4.38; N, 4.34. Found: C, 51.30; H, 4.10; N, 4.16. 
3.5.6.12. K[Ce(HNdipp)2(bdmmp)2] (3.10). 
KHNdipp was prepared by treating H2Ndipp (1.482 g, 8.36 mmol) with benzyl 
potassium (0.98 equiv, 1.06 g, 8.19 mmol) in hexanes. The reaction was stirred 
vigorously for 2 days, while the product was gradually precipitated out as white solid. 
The white solid was collected on a medium-coarsed frit filter and washed with hexanes to 
remove residual H2Ndipp. The product was dried under reduced pressure for 3 h.  
In 20 ml scintillation vial charged with a stir bar, fresh toluene and 
K[Ce(OTf)(bdmmp)3] (3.1, 200 mg, 0.202 mmol), KNHdipp (2.1 equiv, 91.7 mg, 0.424 
mmol) in toluene was added. The reaction was stirred for 5 h. The reaction was dried 
under reduced pressure and the product was extracted by toluene. The resulting product 
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was dried under reduced pressure. Colorless crystals were grown from a saturated toluene 
solution at –35 ˚C. Yield 71 %. 1H NMR (300 MHz, C6D6) δ: 23.14, 8.28, 7.66, 6.40, 
5.71, 5.03, 3.97, 3.53, 3.23, 3.09, 2.88, 2.69, 2.12, 1.15, 0.89, 0.18, –1.31, –12.15.  
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3.6. Crystallographic analysis  
X-ray intensity data were collected on a Bruker APEXII CCD area detector 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
100(1) K (for the complexes 3.1–3.7) or 143(1) K (for the complex 3.8). Preliminary 
indexing was performed from a series of thirty-six 0.5° rotation frames with exposures of 
10 seconds. Rotation frames were integrated using SAINT,31 producing a listing of 
unaveraged F2 and σ(F2) values which were then passed to the SHELXTL32 program 
package for further processing and structure solution. The intensity data were corrected 
for Lorentz and polarization effects and for absorption using SADABS.33 The structure 
was solved by direct methods (SHELXS-9734). Refinement was by full-matrix least 
squares based on F2 using SHELXL-97.34 All reflections were used during refinement. 
Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined using 
a riding model.  
In the structural characterization of K[Ce(O6H3-2,6-Me)(bdmmp)3], There was a 
region of disordered solvent for which a reliable disorder model could not be devised; the 
X-ray data were corrected for the presence of disordered solvent using SQUEEZE35. 
In the structural characterization of 3.9, one disordered toluene molecule on a 
general position and one toluene on a crystallographic center-of-symmetry were included 
(at 1, 1, 0). This toluene in 3.9 is disordered by the center.  Thus, there are 3/2 toluene 
molecules co-crystallized per Ce complex. Both toluene molecules were refined as rigid 
groups. 
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Table 3.6.1. Summary of structural determination of compound 3.1–3.4. Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
 3.1 3.2 3.3 3.4 
Empirical formula C61H87SN6O6F3KCe C45H68N6O4KCe C63H86N6O4KCe C53H84N6O4KCe 
Formula weight 1268.65 936.27 1170.60 1048.48 
Temperature 143(1) K 143(1) K 143(1) K 143(1) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Monoclinic Triclinic Triclinic 
Space group P21/c P21/n P1 P1 
Cell constants:     
a 20.835(3) Å 11.7314(12) Å 14.4458(9) Å 11.3184(8) Å 
b 14.682(2) Å 16.3110(15) Å 14.7681(9) Å 13.5855(11) Å 
c 23.143(3) Å 24.948(2) Å 15.4079(10) Å 23.2211(17) Å 
α – – 92.430(3)° 85.902(4)° 
β 115.188(6)° 97.884(5)° 91.434(3)° 76.841(4)° 
γ – – 110.149(3)° 77.042(4)° 
Volume 6406.3(15) Å3 4728.7(8) Å3 3080.4(3) Å3 3387.5(4) Å3 
Z 4 4 2 2 
Density (calculated) 1.315 Mg/m3 1.315 Mg/m3 1.262 Mg/m3 1.028 Mg/m3 
Absorption 
coefficient 0.868 mm
-1 1.096 mm-1 0.855 mm-1 0.771 mm-1 
F(000) 2652 1956 1230 1106 
Crystal size 0.35 x 0.12 x 0.10 mm3 
0.36 x 0.14 x 0.06 
mm3 
0.30 x 0.12 x 0.08 
mm3 
0.08 x 0.08 x 0.08 
mm3 
Theta range for 
data collection 
1.76 to 27.61° 1.50 to 27.52° 1.70 to 27.69° 1.54 to 27.66° 
Index ranges 
-27 ≤ h ≤ 27, 
-19 ≤ k ≤ 19, 
-30 ≤ l ≤ 30 
-15 ≤ h ≤ 15, 
0 ≤ k ≤ 21, 
0 ≤ l ≤ 32 
-18 ≤ h ≤ 18, 
-18 ≤ k ≤ 19, 
-20 ≤ l ≤ 20 
-14 ≤ h ≤ 14, 
-17 ≤ k ≤ 17, 
-30 ≤ l ≤ 30 
Reflections collected 156725 180529 126487 105132 
Independent 
reflections 
14667 
[R(int) = 0.0323] 
10861 
[R(int) = 0.0488] 
14176 
[R(int) = 0.0234] 
15334 
[R(int) = 0.0250] 
Completeness to 
theta = 27.59° 
98.6 % 99.8 % 98.4 % 97.0 % 
Absorption correction 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Max. and min. 
transmission 0.7456 and 0.5879 0.7456 and 0.6280 0.7456 and 0.6637 0.7456 and 0.6739 
Refinement method Full-matrix least-squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
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Data / restraints / 
parameters 14667 / 399 / 725 10861 / 0 / 529 14176 / 0 / 692 15334 / 0 / 608 
Goodness-of-fit on F2 1.098 1.188 1.174 0.777 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0611, 
wR2 = 0.1329 
R1 = 0.0279, 
wR2 = 0.0732 
R1 = 0.0215, 
wR2 = 0.0541 
R1 = 0.0462, 
wR2 = 0.1361 
R indices (all data) 
R1 = 0.0798, 
wR2 = 0.1482 
R1 = 0.0335, 
wR2 = 0.0750 
R1 = 0.0239, 
wR2 = 0.0559 
R1 = 0.0524, 
wR2 = 0.1434 
Absolute structure 
parameter – – – – 
Largest diff. peak 
and hole 
1.348 and –1.386 
e.Å-3 
0.833 and -0.863 
e.Å-3 
0.635 and -0.340 
e.Å-3 
1.653 and -1.032 
e.Å-3 
 
Table 3.6.2. Summary of structural determination of compound 3.5–3.8. Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
 3.5 3.6 3.8 3.9 
Empirical formula C64H84N6O4KCe C43H72N6O4KCe C57H84N4O4KCe C99H152N12O8K2Ce
2 
Formula weight 1180.59 916.29 1068.50 1996.76 
Temperature 143(1) K 143(1) K 143(1) K 100(1) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Triclinic rhombohedral Monoclinic Triclinic 
Space group P1 R3 C2/c P1 
Cell constants:     
a 12.1981(9) Å 49.697(5) Å 26.329(3) Å 10.5168(5)  Å 
b 13.1778(10) Å – 14.3707(13) Å 14.2353(7) Å 
c 19.5063(13) Å 10.6526(12) Å 33.138(3) Å 19.0676(10) Å 
α 97.217(4) ° – – 94.568(3) ° 
β 96.618(4)° – 109.328(5)° 100.046(2)° 
γ 98.276(4)° – – 110.486(3)° 
Volume 3049.8(4) Å3 22785(4) Å3 11832(2) Å3 2602.3(2) Å3 
Z 2 18 8 1 
Density (calculated) 1.286 Mg/m3 1.202 Mg/m3 1.200 Mg/m3 1.274 Mg/m3 
Absorption coefficient 0.865 mm-1 1.022 mm-1 0.883 mm-1 1.000 mm-1 
F(000) 1238 8658 4504 1048 
Crystal size 
0.15 x 0.10 x 0.04 
mm3 
0.12 x 0.02 x 0.01 
mm3 
0.42 x 0.26 x 
0.04mm3 
0.34 x 0.28 x 0.16 
mm3 
Theta range for 
data collection 
1.58 to 27.54° 1.42 to 27.52° 1.64 to 27.56° 1.55 to 27.53° 
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Index ranges 
-15 ≤ h ≤ 15, 
-17 ≤ k ≤ 17, 
-25 ≤ l ≤ 24 
-64 ≤ h ≤ 63, 
-59 ≤ k ≤ 49, 
-13 ≤ l ≤ 13 
-34 ≤ h ≤ 34, 
-18 ≤ k ≤ 18, 
-43 ≤ l ≤ 43 
-13 ≤ h ≤ 13, 
-18 ≤ k ≤ 18, 
-24 ≤ l ≤ 24 
Reflections collected 71175 55637 103008 76235 
Independent 
reflections 
13966 
[R(int) = 0.0276] 
11574 
[R(int) = 0.1306] 
13642 
[R(int) = 0.0370 
11727 
[R(int) = 0.0226] 
Completeness to 
theta = 27.59° 
99.4 % 99.2 % 99.7 % 97.7 % 
Absorption correction Semi-empirical from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Max. and min. 
transmission 
0.7456 and 
0.6909 0.7456 and 0.6574 0.7456 and 0.6917 0.7456 and 0.6770 
Refinement method Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 13966 / 0 / 702 11574 / 0 / 515 13642 / 57 / 608 11727 / 279 / 620 
Goodness-of-fit on F2 1.061 0.800 1.287 1.088 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0345, 
wR2 = 0.0781 
R1 = 0.0649, 
wR2 = 0.1335 
R1 = 0.0623, 
wR2 = 0.1331 
R1 = 0.0262, 
wR2 = 0.0633 
R indices (all data) 
R1 = 0.0429, 
wR2 = 0.0817 
R1 = 0.1606, 
wR2 = 0.1710 
R1 = 0.0774, 
wR2 = 0.1386 
R1 = 0.0294, 
wR2 = 0.0650 
Absolute structure 
parameter – – – – 
Largest diff. peak 
and hole 
3.269 and -1.256 
e.Å-3 
0.652 and -0.678 
e.Å-3 
1.386 and -1.614 
e.Å-3 
1.057 and -0.369 
e.Å-3 
 
Table 3.6.3. Summary of structural determination of compound 3.3+, 3.7 and 3.9. 
 3.3+ 3.10 3.7 
Empirical formula C81BH82N6O4F24KCe C50H78N6O2KCe 
C107H165N14O9K2C
e2 
Formula weight 1849.56 974.40 2149.97 
Temperature 143(1) K 143(1) K 100(1) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Triclinic monoclinic Triclinic 
Space group P1 P21/c P1 
Cell constants:    
a 12.8622(8) Å 9.4811(11) Å 17.9012(19) Å 
b 16.1563(11) Å 26.842(4) Å 18.1054(19) Å 
c 20.5785(14) Å 20.197(3) Å 23.996(3) Å 
α 83.663(4)° – 68.732(6)° 
β 75.364(4)° 100.922(6)° 78.695(6)° 
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γ 85.370(4)° – 62.061(6)° 
Volume 4106.1(5) Å3 5046.9(12) Å3 6399.7(12) Å3 
Z 2 4 2 
Density (calculated) 1.496 Mg/m3 1.282 Mg/m3 1.116 Mg/m3 
Absorption coefficient 0.712 mm-1 1.027 mm-1 0.819 mm-1 
F(000) 1880 2052 2262 
Crystal size 0.28 x 0.08 x 0.02 
mm3 
0.38 x 0.12 x 0.04 
mm3 
0.10 x 0.05 x 0.05 
mm3 
Theta range for 
data collection 
1.56 to 27.62° 1.83 to 27.49° 1.55 to 27.66° 
Index ranges 
-16 ≤ h ≤ 16, 
-20 ≤ k ≤ 21, 
-26 ≤ l ≤ 26 
-12 ≤ h ≤ 12, 
-34 ≤ k ≤ 34, 
-26 ≤ l ≤ 26 
-23 ≤ h ≤ 23, 
-23 ≤ k ≤ 23, 
-31 ≤ l ≤ 31 
Reflections collected 133690 145775 251615 
Independent 
reflections 
18618 
[R(int) = 0.1824] 
11570 
[R(int) = 0.0269] 
28951 
[R(int) = 0.2721] 
Completeness to 
theta = 27.59° 
97.7 % 99.9 % 96.8 % 
Absorption correction Semi-empirical from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Max. and min. 
transmission 
0.7456 and 
0.6895 0.7456 and 0. 6460 0.7405 and 0.6706 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 
18618 / 358 / 
1141 11570 / 0 / 568 
28951 / 1216 / 
1208 
Goodness-of-fit on F2 1.004 1.129 0.932 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0667, 
wR2 = 0.1260 
R1 = 0.0296, 
wR2 = 0.0662 
R1 = 0.0872, 
wR2 = 0.1613 
R indices (all data) 
R1 = 0.1504, 
wR2 = 0.1574 
R1 = 0.0370, 
wR2 = 0.0711 
R1 = 0.2128, 
wR2 = 0.1975 
Absolute structure 
parameter – – – 
Largest diff. peak 
and hole 
1.188 and -0.933 
e.Å-3 
0.894 and -0.414 
e.Å-3 
1.351 and -1.492 
e.Å-3 
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3.7. Spectroscopic analysis 
 
  
Figure 3.7.1. 1H– and 19F NMR spectra for K[Ce(OTf)(bdmmp)3] (3.1) in benzene-d6. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.2. 1H– (top) and 19F NMR (bottom) spectra of K[La(OTf)(bdmmp)3] (3.1–La) 
in benzene-d6. Adapted with permission from New Journal of Chemistry 2015, 39, 6076–
6084, Copyright 2015, Royal Society of Chemistry.6084, Copyright 2015, Royal Society 
of Chemistry. 
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Figure 3.7.3. 13C NMR (bottom) spectrum of K[La(OTf)(bdmmp)3] (3.1–La) in toluene-
d8. Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.4. 1H NMR spectra for Ce(OC6H5)(bdmmp)3K (3.2) in benzene-d6. Adapted 
with permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, 
Royal Society of Chemistry. 
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Figure 3.7.5. 1H NMR spectra for Ce(OC6H5)(bdmmp)3K (3.2) in methylene chloride-d2. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.6. 1H NMR spectra for Ce(OC6H5)(bdmmp)3K (3.2) in toluene-d8. Adapted 
with permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, 
Royal Society of Chemistry. 
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Figure 3.7.7. VT NMR of K[Ce(OC6H5)(bdmmp)3] (3.2) in toluene-d8 from 300–370 K. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
 
Figure 3.7.8. Chemical shift (ppm) versus temperature (K) plot of 
K[Ce(OC6H5)(bdmmp)3] (2). Adapted with permission from New Journal of 
Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.9. 1H NMR spectra for K[Ce(OC10H7)(bdmmp)3] (3.3) in benzene-d6. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.10. 1H NMR spectra for K[Ce(OC10H7)(bdmmp)3] (3.3) in methylene 
chloride-d2. Adapted with permission from New Journal of Chemistry 2015, 39, 6076–
6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.11. 1H NMR spectra for K[Ce(OC10H7)(bdmmp)3] (3.3) in toluene-d8. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.12. 1H– (top) 13C NMR (bottom) spectrum of K[La(OC10H7)(bdmmp)3] (3.3–
La) in benzene-d6. Adapted with permission from New Journal of Chemistry 2015, 39, 
6076–6084, Copyright 2015, Royal Society of Chemistry.
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Figure 3.7.13. VT NMR of K[Ce(OC10H7)(bdmmp)3] (3.3) in toluene-d8 from 300–370 
K. Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
 
Figure 3.7.14. Chemical shift (ppm) versus temperature (K) plot of 
K[Ce(OC10H7)(bdmmp)3] (3.3). Adapted with permission from New Journal of 
Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.15. 1H NMR spectrum of K[Ce(OC6H3-2,4-tBu)(bdmmp)3] (3.4) in benzene-
d6 at 300 K. Adapted with permission from New Journal of Chemistry 2015, 39, 6076–
6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.16. 1H NMR spectrum of K[Ce(OC6H3-2,4-tBu)(bdmmp)3] (3.4) in methylene 
chloride-d2 at 300 K. Adapted with permission from New Journal of Chemistry 2015, 39, 
6076–6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.17. 1H– (top) 13C NMR (bottom) spectra of K[La(OC6H3-2,4-tBu)(bdmmp)3] 
(3.4–La) in benzene-d6. Adapted with permission from New Journal of Chemistry 2015, 
39, 6076–6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.18. VT NMR of K[Ce(OC6H3-2,4-tBu)(bdmmp)3] (3.4) in toluene-d8 from 
300–370 K. Adapted with permission from New Journal of Chemistry 2015, 39, 6076–
6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.19. 1H NMR spectrum of K[Ce(OC6H3-2,4-tBu)(bdmmp)3] (3.4) in toluene-d8 
at 370 K. Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
 
 
 
 
 
 
 
 
 
 
	

	





















	























	















	























	



	





	

	





	




	




	

	






	
	



			













	










	























	



	





	

	


	   158 
 
Figure 3.7.20. 1H NMR of K[Ce(OC6H3-2,6-Ph)(bdmmp)3] (3.5) in benzene-d6 at 300 K. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.21. 1H NMR of K[Ce(OC6H3-2,6-Ph)(bdmmp)3] (3.5) in methylene chloride-
d2 at 300 K. Adapted with permission from New Journal of Chemistry 2015, 39, 6076–
6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.22. 1H– (top) 13C NMR (bottom) spectra of K[La(OC6H3-2,6-Ph)(bdmmp)3] 
(3.5–La) in benzene-d6. Adapted with permission from New Journal of Chemistry 2015, 
39, 6076–6084, Copyright 2015, Royal Society of Chemistry.
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Figure 3.7.23. VT NMR of K[Ce(OC6H3-2,6-Ph)(bdmmp)3] (3.5) in toluene-d8 from 
300–370 K. Adapted with permission from New Journal of Chemistry 2015, 39, 6076–
6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.24. 1H NMR of K[Ce(OC6H3-2,6-Ph)(bdmmp)3] (3.5) in toluene-d8 at 370 K. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.25. 1H NMR of K[Ce(OtBu)(bdmmp)3] (3.6) in benzene-d6. Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
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Figure 3.7.26. 1H NMR of K[Ce(OC6H3-2,6-iPr)2(bdmmp)2] (3.8) in benzene-d6. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.27. Decomposition of K[Ce(OtBu)(bdmmp)3] (3.6) to K[Ce(OH)(bdmmp)3] 
(3.9) in glovebox. Adapted with permission from New Journal of Chemistry 2015, 39, 
6076–6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.28. 1H NMR of K[Ce(OH)(bdmmp)3] (3.9) in benzene-d6. Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
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Figure 3.7.29. Addition of degassed H2O into K[Ce(OtBu)(bdmmp)3] (3.6) in benzene-d6 
in the J-young tube. Top: K[Ce(OtBu)(bdmmp)3] (3.6), Middle: K[Ce(OtBu)(bdmmp)3] 
(3.6) + H2O and Bottom: K[Ce(OH)(bdmmp)3] (3.9). Adapted with permission from New 
Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.7.30. IR spectrum of K[Ce(OH)(bdmmp)3] (3.9) in KBr plate in Nujol. Adapted 
with permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, 
Royal Society of Chemistry. 
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Figure 3.7.31. 1H– (top) and 19F NMR (bottom) spectra of 
{K[Ce(ONaph)(bdmmp)3]}[BArF4] (3.3+).  
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Figure 3.7.32. 11B NMR of {K[Ce(ONaph)(bdmmp)3]}[BArF4] (3.3+). 
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3.8. Electrochemistry 
Cyclic Voltammetry (CV) experiments were performed using a CH Instruments 
620D Electrochemical Analyzer/Workstation and the data were processed using CHI 
software v 9.24. All experiments were performed in an N2 atmosphere drybox using 
electrochemical cells that consisted of a 4 mL vial, platinum disc (2 mm diameter) 
working electrode, a platinum wire counter electrode, and a silver wire plated with AgCl 
as a quasi-reference electrode. The working electrode surfaces were polished prior to 
each set of experiments, and were periodically replaced on scanning > 0 V versus 
ferrocene (Fc) to prevent the buildup of oxidized product on the electrode surfaces. 
Solutions employed during CV studies were ~3 mM in analyte and 0.1 M in 
[nPr4N][B(3,5-(CF3)2-C6H3)4] ([nPr4N][BArF4]). Potentials were reported versus Fc, 
which was added as an internal standard for calibration at the end of each run. All data 
were collected in a positive-feedback IR compensation mode. The CH2Cl2 solution cell 
resistances were measured prior to each run to insure resistances ~1000 Ω or less. 5 Scan 
rate dependences of 50-1000 mV/s were performed to determine electrochemical 
reversibility. 
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Table 3.8.1. Electrochemical Analysis of K[Ce(OC6H5)(bdmmp)3] (3.2). Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
Scan 
rate(V/s) sqrt. Scan rate Epa (V) Ipa (A) Epc (V) Ipc (A) 
1 1 -0.26 -2.85E-05 -0.77 1.63E-05 
0.5 0.707 -0.29 -2.13E-05 -0.75 1.36E-05 
0.25 0.500 -0.32 -1.58E-05 -0.72 1.10E-05 
0.1 0.316 -0.35 -1.07E-05 -0.68 8.01E-06 
0.05 0.224 -0.37 -8.01E-06 -0.65 6.45E-06 
 
Figure 3.8.1. Isolated CeIII//IV couple of 3.2 at scan rate dependence. Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
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Figure 3.8.2. The Randles-Sevcik plot of the isolated cerium(III/IV) couple of 3.2. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
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Table 3.8.2. Electrochemical Analysis of K[Ce(OC10H7)(bdmmp)3] (3.3). Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
Scan 
rate(V/s) sqrt. Scan rate Epa (V) Ipa (A) Epc (V) Ipc (A) 
1 1 -0.22 -3.16E-05 -0.74 2.03E-05 
0.5 0.707 -0.25 -2.30E-05 -0.72 1.63E-05 
0.25 0.500 -0.28 -1.70E-05 -0.7 1.29E-05 
0.1 0.316 -0.31 -1.14E-05 -0.66 8.66E-06 
0.05 0.224 -0.34 -8.55E-06 -0.64 6.78E-06 
 
 
Figure 3.8.3. Isolated CeIII//IV couple of 3.3 at scan rate dependence. Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
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Figure 3.8.4. The Randles-Sevcik plot of the isolated cerium(III/IV) couple of 3.3. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
 
 
 
Figure 3.8.5. Cyclic voltammograms of K[La(ONaph)(bdmmp)3] (3.3–La) in methylene 
chloride. 
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Table 3.8.3. Electrochemical Analysis of K[Ce(OC6H3-2,4-tBu)(bdmmp)3] (3.4). 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
 
Scan 
rate(V/s) sqrt. Scan rate Epa (V) Ipa (A) Epc (V) Ipc (A) 
1 1 -0.18 -1.94E-05 -0.78 8.17E-06 
0.5 0.707 -0.19 -1.43E-05 -0.76 5.49E-06 
0.25 0.500 -0.22 -1.07E-05 -0.73 3.91E-06 
0.1 0.316 -0.26 -7.11E-06 -0.69 2.78E-06 
0.05 0.224 -0.28 -5.32E-06 -0.65 2.57E-06 
 
 
Figure 3.8.6. Isolated CeIII//IV couple of 3.4 at scan rate dependence. Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
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Figure 3.8.7. The Randles-Sevcik plot of the isolated cerium(III/IV) couple of 3.4. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
 
Figure 3.8.8. Cyclic voltammogram of K[Ce(OC6H3-2,4-tBu)(bdmmp)3] (3.4) and 
K[La(OC6H3-2,4-tBu)(bdmmp)3] (3.4–La). Adapted with permission from New Journal 
of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.8.9. Cyclic voltammogram of K[La(OC6H3-2,4-tBu)(bdmmp)3] (3.4–La). 
 
 
Figure 3.8.10. Isolated ligand based couple in 3.4–La at varying scan rates. 
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Table 3.8.4. Electrochemical Analysis of K[Ce(OC6H3-2,6-Ph)(bdmmp)3] (3.5). Adapted 
with permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, 
Royal Society of Chemistry. 
 
Scan 
rate(V/s) sqrt. Scan rate Epa (V) Ipa (A) Epc (V) Ipc (A) 
1 1 -0.18 -1.94E-05 -0.78 8.17E-06 
0.5 0.707 -0.19 -1.43E-05 -0.76 5.49E-06 
0.25 0.500 -0.22 -1.07E-05 -0.73 3.91E-06 
0.1 0.316 -0.26 -7.11E-06 -0.69 2.78E-06 
0.05 0.224 -0.28 -5.32E-06 -0.65 2.57E-06 
 
 
Figure 3.8.11. Isolated CeIII//IV couple of 3.5 at scan rate dependence. Adapted with 
permission from New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal 
Society of Chemistry. 
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Figure 3.8.12. The Randles-Sevcik plot of the isolated cerium(III/IV) couple of 3.5. 
Adapted with permission from New Journal of Chemistry 2015, 39, 6076–6084, 
Copyright 2015, Royal Society of Chemistry. 
 
Figure 3.8.13. Cyclic voltammograms of K[Ce(OC6H3-2,6-Ph)(bdmmp)3] (3.5) and 
K[La(OC6H3-2,6-Ph)(bdmmp)3] (3.5–La). Adapted with permission from New Journal of 
Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of Chemistry. 
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Figure 3.8.14. Cyclic voltammograms of and K[La(OC6H3-2,6-Ph)(bdmmp)3] (3.5–La) 
in methylene chloride. 
 
Figure 3.8.15. Isolated ligand based couple in 3.5–La at varying scan rates. 
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Figure 3.8.16. Cyclic voltammogram of K[Ce(OH)(bdmmp)3] (3.9) in methylene 
chloride. (Top) full scan (bottom) isolated CeIII/IV couple. Adapted with permission from 
New Journal of Chemistry 2015, 39, 6076–6084, Copyright 2015, Royal Society of 
Chemistry. 
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Chapter 4:  
Bidentate Nitroxide Ligands Stable Toward Oxidative 
Redox Cycling and their Complexes with Cerium and 
Lanthanum   
4.1. Abstract 
We report the synthesis of 1,3-bis[(2'-tertbutyl)hydroxyaminophenyl]benzene 
(H2arene-diNOx, 4.1) and its metal complexes, Ce(arene-diNOx)2 (4.2) and [(py)2K(18-
crown-6)][La(arene-diNOx)2] (4.3). Electrochemical studies demonstrated that the 
H2arene-diNOx, bidentate nitroxide ligands significantly stabilized the CeIV/III redox 
couple to –1.74 V versus Fc/Fc+. Moreover, a reversible oxidation wave is observed at –
0.37 V, leading to a novel redox-active nitroxide ligand. DFT calculations confirmed that 
the observed oxidation is assigned to one of the nitroxide groups. 
4.2. Introduction   
The chemistry of metal complexes of redox active ligands is a well-established 
field wherein redox equivalents are provided by the eponymous ligands for multi-electron 
chemistry.1 Efforts in this area seek to understand how metal and ligand ligand-based 
orbitals form composite electronic structures through non-innocence and to apply such 
knowledge toward chemical reactivity.2 Most reaction chemistry in this field focuses on 
ligands providing reducing equivalents;1f, 1h, 3 considerably less work has been published 
on ligands providing oxidizing equivalents,4 namely electron holes. A key issue here is 
the capability of a redox active ligand to remain coordinated to a cation in an oxidized 
form. 
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Recently we have been developing the chemistry of redox active nitroxide ligands 
in order to study unique aspects of metal-ligand non-innocence in the 4f block.5 These 
nitroxide ligands stabilized a redox active cerium(IV) cation to an unprecedented degree, 
with, for example, a Ce(IV/III) redox couple at –1.95 V versus Fc/Fc+.5a They also 
showed noteworthy signatures of metal-ligand covalency.5a However, we noted that the 
cyclic voltammetry of complexes of the redox inactive metal lanthanum showed non-
reversible electrochemical oxidation, presumably due to a chemical process that followed 
the electrochemical oxidation.6 In this context we were motivated to develop multidentate 
nitroxide ligands that would strongly bind lanthanide cations and show reversible 
oxidative electrochemistry. We expected such complex characteristics would afford 
stabilization of electron holes in a 4f metal coordination sphere and enable studies of 
oxidative M–L non-innocence.7  
4.3. Results and discussion 
4.3.1. Synthesis and structural characterization     
The synthesis of H2arene-diNOx was adapted from the previously reported route 
for tris(2-tert-butylhydroxylaminato)benzylamine, H3TriNOx (Scheme 4.3.1).8  
 
Scheme 4.3.1. Preparation of H2arene-diNOx (4.1). 
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The starting material, 1,3-bis(2ʹ′-bromophenyl)benzene was The 1,3-bis(2´-
bromophenyl)-benzene were prepared by a modified procedure.9 In this procedure, the 
crude 1,3-bis(2´-bromophenyl)-benzene was purified by flash chromatography using 
20/80 ether/hexanes eluent to remove triphenylphosphine (TPP) and triphenylphosphine 
oxide (TPPO). The product was eluted as a first portion. When the TPP was still 
remained by 1H NMR, the resulting product was further purified by chromatography, 
eluted by 1/99 toluene/hexanes. Then the resulting product was dried at 50 ˚C under 
reduced pressure while it was solidified as white solid, yielding 71 %. 
H2arene-diNOx (4.1) was crystallized from saturated THF solution at –35 ˚C 
(Figure 4.3.1). The compound was stable to air and moisture and could be stored under 
ambient conditions. 
 
Figure 4.3.1. Thermal ellipsoid plot of H2arene-diNOx (4.1) at 30 % probability. 
Hydrogen atoms and interstitial solvent were removed for clarity. Selected bond distances 
(Å): N(1)–O(1) 1.4611(19) and N(2)–O(2) 1.458(2). Adapted from work submitted to 
Chemical Communications, 2015. 
 
Initial attempts to isolate a Ce(III) complex with H2arene-diNOx using trivalent 
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cerium starting materials including: Ce(OTf)3, Ce[N(SiMe3)2]3 or (THF)Ce(OAr)310 (Ar = 
2,6-tBu-C6H3)10 resulted in products including trace amounts of a cerium(IV) complex 
and unidentified, intractable mixtures of paramagnetic products. When a dark red 
solution of CeIV[N(SiHMe2)2]411 was treated with the two equiv H2arene-diNOx in THF, 
a resulting dark orange, Ce(IV)(arene-diNOx)2 (4.2) solution was observed. Upon 
evaporation of solvent and crystallization from THF/hexanes at –35 ˚C, 4.2 was isolated 
in 70 % yield (Scheme 4.3.2). Complex 4.2 could also be obtained by starting from 
Ce(OtBu)4(py)211 in 72 % yield (see 4.5.2).   
 
Scheme 4.3.2. Preparation of Ce(arene-diNOx)2 (4.2). Adapted from work submitted to 
Chemical Communications, 2015. 
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Figure 4.3.2. Thermal ellipsoid plot of Ce(arene-diNOx)2 (4.2) at 30 % probability. 
Hydrogen atoms and interstitial solvent were removed for clarity. Selected bond distances 
(Å):  Ce(1)–O(1) 2.2208(15), Ce(1)–(2) 2.2100(15), Ce(1)–O(3) 2.1813(15), Ce(1)–O(4) 
2.0940(15), Ce(1)–N(1) 2.5510(18), Ce(1)–N(2) 2.5976(18), Ce(1)–N(3) 2.5931(18), 
N(1)–O(1) 1.422(2), N(2)–O(2) 1.431(2),  N(3)–O(3) 1.439(2) and N(4)–O(4) 1.426(2). 
Adapted from work submitted to Chemical Communications, 2015. 
 
The solid state structure of 4.2 (Figure 4.3.2) revealed that the four nitroxide 
groups were bound to the tetravalent cerium cation where one nitroxide group was bound 
in a κ1 mode and the remaining three were bound in η2 modes. The η2 coordination mode 
for nitroxide ligands was observed previously by our group in the CeIVL4 (L = η2–
ON(tBu)(2-OMe-5-tBu-C6H3))12 and [REIII(TriNOx)THF] (RE = La, Nd, Dy and Y) 
complexes.8  
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The 1H NMR spectrum of 4.3.2 was consistent with a closed-shell Ce(IV) cation 
with two doubly anionic ligands. The appearance of two tBu peaks at 1.36 and 0.86 ppm 
indicated that all four nitroxide ligands had the same coordination mode in benzene-d6 
solution, unlike the solid state structure. The UV–Vis spectrum of 4.2 showed a 
characteristic LMCT band for the Ce(IV) complex13 at 413 nm (see  Figure 4.7.19). 
The redox inactive lanthanide metal cation, the La(III) analogue of complex 4.2, 
[(py)2K(18-crown-6)][La(arene-diNOx)2] (4.3) was synthesized for use in control 
experiments to assign the cerium metal based redox couple and to assess the stability of 
the non-redox active metal complex of H2arene-diNox upon redox cycling.  
 
Scheme 4.3.3. Preparation of [(py)2K(18-crown-6)][La(arene-diNOx)2] (4.3). Reprinted 
from work submitted to Chemical Communications, 2015. 
 
The complex 4.3 was prepared in a two-step synthetic route (Scheme 4.3.3); 
K(DME)2[La(arene-diNOx)2] (4.3ʹ′ , DME = dimethoxyethane) was prepared by treating 
La[N(SiMe3)2]3 with 2 equiv of H2arene-diNOx and one equiv of KN(SiMe3)2 in DME. 
The resulting product was precipitated from the reaction mixture and isolated by 
filtration. A pyridine solution of one equiv of 18-crown-6 was added in order to form 
La[N(SiMe3)2]3
KN(SiMe3)2
+
+
2 H2arene-diNOx DME K(DME)2[La(arene-diNOx)2]
4.3'
18-crown-6 py/hexanes
[(py)2K(18-crown-6)][La(arene-diNOx)2]
4.3
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[(py)2K(18-crown-6)][La(arene-diNOx)2] (4.3). After layering with hexanes, yellow 
crystals of 4.3 were obtained in 83 % isolated yield. 
Cyclic voltammetry measurements were performed on H2arene-diNOx, 
Ce(IV)(arene-diNOx)2 (4.2) and [(py)2K(18-crown-6)][La(arene-diNOx)2] (4.3) to assess 
the complex stabilities (Figure 4.3.3, Table 4.3.1). 
 
Figure 4.3.3. Normalized cyclic voltammograms of H2arene-diNOx (4.1, black), 4.2 
(purple) and 4.3 (red) in 0.1 M [nPr4N][BArF4] methylene chloride at 100 mV/s scan rate. 
Adapted from work submitted to Chemical Communications, 2015. 
 
Table 4.3.1. Electrochemical analyses data of H2arene-diNOx (4.1), 4.2 and 4.3. Adapted 
from work submitted to Chemical Communications, 2015. 
 Wave 2 Wave 1 CeIV/III 
Potentials Epaa Epca Epaa Epca Epaa Epca 
H2arene-diNOx 0.77 0.69 0.44 –0.24 – – 
4.3 –0.57 –0.73 –1.20 –1.30 – – 
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4.2 – – –0.32 –0.41 –1.69 –1.79 
a. Potentials were referenced to Fc/Fc+. 
Wave 1 of the H2arene-diNOx (4.1) consisted of two overlapping oxidation and 
reduction features that were not resolved in the CV experiment (Table 4.3.1). The two 
waves were clearly defined by differential pulse voltammetry (DPV, Figure S9), and 
were assigned to the two [N–OH]/[N–O!] couples in H2arene-diNOx (4.1). They were 
not well defined due to the associated proton transfer process, as we observed for related 
ligands.14 The second redox wave was assigned as [N–O!]/[N=O+].14  
The cyclic voltammogram of 4.3 revealed two well-resolved quasi-reversible 
ligand oxidation and reduction waves, which were assigned to two sequential [N–O–]/[N–
O!] couples. The E1/2 of the CeIV/III couple found for complex 4.2 was assigned to the 
quasi-reversible wave at –1.74 V versus Fc/Fc+. This potential was similar to the 
previously reported complex, CeIVL4 (L = η2–ON(tBu)(2-OMe-5-tBu-C6H3)),12 which 
was also stabilized by four nitroxide groups, with E1/2 = –1.73 V.12 A reversible ligand 
oxidation wave in 4.2, [N–O–]/[N–O!], was observed at E1/2 = –0.37 V. It was evident 
from these data that the arene-diNOx2– ligand both strongly supported the Ce(IV) 
oxidation state and afforded stability of electron holes in the coordination sphere of 4.2 
and 4.3. 
The electronic structure of 4.2 was analyzed by DFT calculations at B3LYP/6-
31G* level of theory using a 28 electron pseudopotential for the cerium cation.15 DFT 
calculations were performed using the experimentally determined X-ray coordinates. 
Geometrical parameters from the DFT results corresponded well with the solid state 
structure. The average Ce–O bond length in the calculated structure was 2.1923 Å 
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compared to 2.1765(15) Å in the experiment. The elongation of the Ce–N bond distances 
in the DFT optimized structure (Table S2 and Table S3) were consistent with previously 
reported results.12  
 
Figure 4.3.4. Top: LUMO (left) and HOMO (right) calculated molecular orbitals of 4.2. 
Bottom: HOMO–1 (left) and HOMO–2 (right) calculated molecular orbitals of 4.2. 
Adapted from work submitted to Chemical Communications, 2015. 
 
The HOMO of 4.2 (Figure 4.3.4(B)) was composed of 10.6 % 4f orbital 
contribution and 85.79 % ligand character, which was largely localized on one of the N–
O π* bonds. The HOMO–1 (Figure 4.3.4(C)) consisted of primarily N–O π* character 
with 87.52 % ligand character and the HOMO–2 (Figure 4.3.4(D)) consisted of mainly 
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ligand character at 93.64 %. The LUMO (Figure 4.3.4(A)) to LUMO+6 were 
predominantly cerium 4f virtual orbitals.  
DFT calculations were also performed on the oxidized product of 4.2, 
[CeIV(arene-diNOx)2]+ (4.2+, see Table 4.9.3 and Table 4.9.4). A spin density analysis 
revealed the density localized on one nitroxide group (see Figure 4.9.1), which supported 
the assignment of the ligand localized oxidation of 4.2 and 4.3 and the stability of the 
electron hole. 
 
Scheme 4.3.4. Attempted oxidation reaction of 4.2. 
 
After we confirmed the localized ligand oxidation by cyclic voltammetry and 
DFT calculations, we attempted to chemically oxidize the 4.2 and isolate [Ce(IV)(arene-
diNOx)2]+ (4.2+) with non-coordinating cations (scheme 4.3.4). Based on the ligand 
oxidation potential that was determined by CV of E1/2 = –0.37 V versus Fc/Fc+, FcX (X = 
PF6, BArF4 (ArF4 = 3,5-(CF3)2-C6H3)4, OTf) reagents were used with 4.2. However, the 
outcomes of these reactions were either no reaction or the starting metal complex 
decomposed to free ligands. Ph3CCl was also screened, and the 1H NMR resonances 
became broader, but Gomberg’s dimer was not observed, indicating the oxidation 
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reaction did not proceed. Lastly, AgX (X = I, BPh4, BF4, PF6, OTf, BArF4) salts were 
employed in the oxidation reactions, and black Ag(0) solid precipitated immediately 
except in the cases of AgI and AgBPh4. The reactions with AgPF6, AgBF4 and AgOTf 
showed intractable products, none of which corresponded to the starting materials or 
expected products. AgBArF4 showed one 19F NMR resonance at –61.36 ppm and 
unsymmetric aryl protons and tBu resonances. However, the oily nature of the resulting 
product precluded solid state structural characterization.  
4.4. Summary 
In summary, the novel bidentate nitroxide ligand, H2arene-diNOx (4.1) was 
prepared and coordinated to tetravalent cerium and trivalent lanthanum cations. In 
complex 4.2, the diamagnetic 1H NMR spectrum and the LMCT band observed in the 
UV-Vis spectrum were consistent with previously characterized Ce(IV) complexes. 
Cyclic voltammetry showed that the arene-diNOx2– ligand framework produced a 
strongly stabilized Ce(IV) cation, with a quasi-reversible cerium(IV/III) redox potential 
assigned at E1/2 = –1.74 V versus Fc/Fc+. DFT calculations were performed to investigate 
the electronic structures and revealed results that were consistent with the experimental 
electrochemistry assignments.  
4.5 Experimental 
4.5.1 General Methods  
All reactions and manipulations were performed under an inert atmosphere (N2) 
using standard Schlenk techniques or in a Vacuum Atmospheres, Inc. Nexus II drybox 
equipped with a molecular sieves 13X / Q5 Cu-0226S catalyst purifier system. Glassware 
was oven-dried overnight at 150 °C prior to use. 1H NMR, 19F NMR spectra were 
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obtained on a Bruker DMX-300 Fourier transform NMR spectrometer at 300 MHz and 
91 MHz respectively. 13C NMR spectra were obtained on a Bruker AM–500 Fourier 
transform NMR spectrometer at 126 MHz. Chemical shifts were recorded in units of 
parts per million downfield from residual proteo solvent peaks (1H) or characteristic 
solvent peaks (13C{1H}). Elemental analyses were performed at Complete Analysis 
Laboratories, Inc. using a Carlo Erba EA 1108 analyzer. UV-Vis data were collected on a 
Cary 5000 spectrometer in methylene chloride in 1 mm path length air-free quartz 
cuvettes. The infrared spectra were obtained from 400–4000 cm-1 using a Perkin Elmer 
1600 series infrared spectrometer.  
4.5.2. Materials 
THF, CH2Cl2, dimethoxyethane (DME), pyridine and hexanes were purchased 
from Fisher Scientific. These solvents were sparged for 30 min with dry argon and dried 
using a commercial two-column solvent purification system comprising columns packed 
with Q5 reactant and neutral alumina respectively (for hexanes), or two columns of 
neutral alumina (for THF, CH2Cl2 and pyridine). Deuterated solvents were purchased 
from Cambridge Isotope Laboratories, Inc. and stored over either 3 Å molecular sieves or 
potassium mirror overnight prior to use. Ce[N(SiHMe2)2]4,11 Ce(OtBu)4(py)211 
La[N(SiMe3)2]316 and [nPr4N][B(3,5- (CF3)2-C6H3)4] ([nPr4N][BArF4])17 were prepared 
by following published literature procedures. The 2-methyl-2-nitrosopropane was 
prepared by a modified procedure.14, 18 The 2.5 M nBuLi in hexanes solution was used as 
received from Acros Organics.  
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4.5.3. Preparation of H2arene-diNOx (4.1) 
In the 50 ml Schlenk flask charged with 1,3-bis(2´-bromophenyl)-benzene (786.5 
mg, 2.03 mmol) and stir bar purged with N2 three times, dry diethyl ether (30 ml) was 
added and cooled down to –100 ºC in diethyl ether/dry ice bath. nBuLi in hexane solution 
(1.71 ml, 4.26 mmol, 2 equiv) was added dropwise with syringe at –100 ºC stirring then 
the reaction mixture was stirred at –100 ºC for 3 h. Then 2-methyl-2-nitrosopropane 
(741.7 mg, 4.26 mmol) in diethyl ether (10 ml) solution was added by syringe dropwise 
at –100 ºC. The reaction mixture was stirred for 18 h slowly warming up to room 
temperature. The reaction was quenched with a saturated aqueous NH4Cl solution. The 
organic layer was extracted with Et2O, three times, dried over MgSO4, then filtered. 
Volatiles were removed under reduced pressure and the product further purified by 
recrystallization in methylene chloride/hexane. The white powder was isolated by 
filtration and washed by hexane. Yield 487 mg, 59 %. 1H NMR (300 MHz, C6D6) δ: (Ar-
H) 7.81 (dd, 2H), 7.74 (s, 1H), 7.49 (m, 2H), 7.34 (m, 3H) 7.16 (m, overlapping with 
C6D6, 2H), 7.07 (m, 2H), 4.29 (br, –NOH, 2H), 0.97 (s, tBu, 18H). 13C NMR (126 MHz, 
acetone-d6) δ: (Ar) 149.3, 142.7, 139.8, 132.3, 131.1, 129.2, 127.9, 127.7, 126.6, 68.2 
(THF), 61.8 (C(CH3)3), 26.3 (overlapping with THF, C(CH3)3). Melting point: 135.9–
137.2 ºC. High res. mass spec.: Calc’d 404.2464 Found 405.2523. 
4.5.4. Preparation of Ce(arene-diNOx)2 (4.2)  
Starting from Ce[N(SiHMe2)2]4 In 20 ml scintillation vial charged with dark red 
solution of Ce[N(SiHMe2)2]4 (200mg, 0.300 mmol) in 2 ml THF and stir bar, H2arene-
diNOx (272.4 mg, 0.600 mmol) was added as solid. The reaction mixture was stirred 30 
min, while the solution turned to dark orange. Volatiles were removed under reduced 
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pressure. Dark orange crystals were grown in THF/hexanes mixture at –35 ˚C. Yield 
195.6 mg, 70 %. 
Starting from Ce(OtBu)(pyr)2 In 20 ml scintillation vial charged with a yellow 
solution of Ce(OtBu)(pyr)2 (85.9 mg, 0.145 mmol) in 1 ml THF and stir bar, H2arene-
diNOx (117.7 mg, 0.291 mmol) in 1 ml THF was added dropwise, while stirring. The 
reaction was changed color to dark brown-orange solution and stirred 15 min. The 
volatiles were removed by applying reduced pressure. Then ~2 ml THF and ~3 ml hexane 
was added and concentrated to ~2 ml. Dark orange crystals were grown at –35 ºC 
overnight. The crystals that precipitated from the solution were shown to have the 
formula Ce(arene-diNOx)2!(THF)2 by X-ray diffraction. The product was isolated by 
filtration and dried under reduced pressure. From these steps, the product was shown to 
have the formula Ce(arene-diNOx)2!(THF)0.5 by combustion analysis. Yield 103.3 mg, 
72 %. 1H NMR (300 MHz, C6D6) δ: (Ar-H) 8.75 (s, 2H), 7.77 (m, 2H), 7.74 (m, 2H), 
7.28 (m, 8H), 7.03 (m, 4H), 6.72 (m, 4H), 6.34 (m, 2H), 3.58 (THF), 1.42 (THF), 1.36 (s, 
tBu, 18H) 0.86 (s, tBu, 18H). 1H NMR (300 MHz, CD2Cl2) δ: 8.38 (m, 2H), 7.55–7.44 
(m, 4H), 7.29–7.18 (m, 10H), 7.01–6.99 (m, 2H), 6.91–6.86 (m, 2H), 6.45–6.44 (m, 4H), 
3.68 (THF), 1.82 (THF), 1.21 (s, tBu, 18H), 0.62 (s, tBu, 18H). 13C NMR (126 MHz, 
C6D6) δ: (Ar) 149.4, 148.5, 143.4, 142.8, 139.9, 138.6, 134.9, 132.3, 129.5, 129.2, 127.8, 
127.6, 126.9, 126.8, 126.5, 126.4, 126.3, 68.1 (THF), 67.6 (C(CH3)3), 65.3 (C(CH3)3), 
28.5 (THF), 27.5 (C(CH3)3), 26.1 (C(CH3)3). Anal. Calc’d. Ce(arene-diNOx)2!(THF)0.5: 
C 66.10; H 6.57; N 5.71 Found: C 65.95; H 6.68; N 5.57 
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4.5.5. Preparation of K(DME)2[La(arene-diNOx)2] (4.3ʹ′).  
In 20 ml scintillation vial charged with H2arene-diNOx (0.645 mmol, 2 equiv.) in 
5 ml dimethoxyethane and stir bar, La[N(SiMe3)2]3 (202 mg, 0.326 mmol) in 1 ml 
dimethoxyethane was added while stirring. The solution was changed to colorless 
solution to yellow solution and stirred 5 min. Then KN(SiMe3)2 (0.322 mmol, 1 equiv.) 
was added as solid. The reaction mixture was stirred 14 h. The solvent was concentrated 
to ~2 ml while the pale yellow product was precipitated as a solid.. The pale yellow 
powder was collected by filtration and washed by hexanes to remove HN(SiMe2)2 and 
any residual La[N(SiMe2)2]3. The pale yellow crystals were grown from pyridine/hexanes 
with a couple of drops of DME. Yield 276.7 mg, 74 %. 1H NMR (300 MHz, pyridine-d5) 
δ: (Ar-H) 9.17 (s, 2H), 8.37 (d, 2H), 7.59-7.51 (m, overlapping with py, 4H), 7.39-7.32 
(m, 8H), 7.22-7.16 (m, overlapping with py, 4H), 6.91 (m, 2H), 6.57 (m, 2H), 3.51 
(DME), 3.28 (DME), 1.38 (s, tBu, 18H), 1.01 (s, tBu, 18H). 13C NMR (126 MHz, 
pyridine-d5) δ: (Ar) 153.68, 152.30, 144.50, 144.11, 140.22, 138.31, 135.63, 130.84, 
129.78, 128.80, 128.61, 128.53, 127.88, 127.06, 126.92, 126.65, 124.56, 72.51 (DME), 
63.42 (C(CH3)3), 63.12 (C(CH3)3), 59.10 (DME), 28.87 (C(CH3)3), 27.73 (C(CH3)3)., 
Anal. Calc’d.: C 61.95; H 6.93; N 4.82 Found: C 61.76; H 6.82; N 4.98. 
4.5.6. Synthesis of [(py)2K(18-crown-6)][La(arene-diNOx)2] (4.3)  
In 20 ml scintillation vial, K(DME)2[La(arene-diNOx)2] (2ʹ′) (200 mg, 0.172 
mmol) was charged. 18-crown-6 (45.4 mg, 0.172 mmol, 1 equiv) was added as solid. ~1 
ml pyridine was added and stirred until the solids were fully dissolved. Then 15 ml 
hexanes were layered over the pyridine solution. The yellow crystals were grown and 
collected by filtration. Yield 201.5 mg, 83 %. 1H NMR (300 MHz, pyridine-d5) δ: (Ar-H) 
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9.05 (s, 2H), 8.41 (d, 2H), 7.55 (d, 2H), 7.50 (m, 2H), 7.39 (m, 2H), 7.34 (m, 4H), 7.27–
7.20 (overlapping, 4H), 7.11 (m, 2H), 6.94 (m, 2H), 6.67 (m, 2H), 3.46 (s, 18-crown-6, 
24H), 1.58 (s, tBu, 18H), 1.13 (s, tBu, 18H). 13C NMR (126 MHz, pyridine-d5) δ: (Ar) 
153.94, 153.32, 145.61, 144.03, 139.58, 139.31, 131.59, 129.48, 128.99, 128.69, 127.96, 
126.94, 126.59, 126.32, 126.25, 124.55, 123.28, 70.87 (18-crown-6), 63.40 (C(CH3)3), 
62.78 (C(CH3)3), 28.88 (C(CH3)3), 27.82 (C(CH3)3). Anal. Calc’d.: C 63.23; H 6.74; N 
5.98 Found: C 62.97; H 6.64; N 5.89. 
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4.6. Crystallographic analysis  
X-ray intensity data were collected on a Bruker APEXII CCD area detector 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
100(1)K. Preliminary indexing was performed from a series of thirty-six 0.5° rotation 
frames with exposures of 10 seconds. Rotation frames were integrated using SAINT,19 
producing a listing of unaveraged F2 and σ(F2) values which were then passed to the 
SHELXTL20 program package for further processing and structure solution. The intensity 
data were corrected for Lorentz and polarization effects and for absorption using 
SADABS.21 The structure was solved by direct methods (SHELXS-9722). Refinement 
was by full-matrix least squares based on F2 using SHELXL-97.22 All reflections were 
used during refinement. Non-hydrogen atoms were refined anisotropically and hydrogen 
atoms were refined using a riding model. 
 
Table 4.6.1. Summary of structural determination of compound H2arene-diNOx (4.1) and 
4.2. Adapted from work submitted to Chemical Communications, 2015. 
 H2arene-diNOx 4.2 
Empirical formula C30H40N2O3 C60H76N4O6Ce 
Formula weight 476.64 1089.37 
Temperature 100(1) K 100(1) K 
Wavelength 0.71073 Å 0.71073 Å 
Crystal system Monoclinic Monoclinic 
Space group P21/c P21/c 
Cell constants:   
a 10.0002(4) Å 15.1376(7) Å 
b 9.8745(4) Å 13.3253(7) Å 
c 27.4051(10) Å 26.6562(12) Å 
α – – 
β 96.384(2)° 99.733(2)° 
γ – – 
Volume 2689.39(18) Å3 5299.5(4) Å3 
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Z 4 4 
Density (calculated) 1.177 Mg/m3 1.365 Mg/m3 
Absorption 
coefficient 0.075 mm
-1 0.914 mm-1 
F(000) 1032 2280 
Crystal size 0.30 × 0.12 × 0.08 mm3 
0.15 × 0.15 × 0.10 
mm3 
Theta range for 
data collection 
12.05 to 25.40° 1.36 to 27.63° 
Index ranges 
-12 ≤ h ≤ 12, 
-11 ≤ k ≤ 11, 
-33 ≤ l ≤ 33 
-18 ≤ h ≤ 19, 
-17 ≤ k ≤ 17, 
-34 ≤ l ≤ 34 
Reflections collected 55475 70825 
Independent 
reflections 
4833 
[R(int) = 0.0386] 
12139 
[R(int) = 0.0355] 
Completeness to 
theta = 27.59° 
97.9 % 98.5 % 
Absorption correction 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Max. and min. 
transmission 0.7452 and 0.6944 0.7456 and 0.6858 
Refinement method Full-matrix least-squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 4833 / 0 / 325 12139 / 0 / 653 
Goodness-of-fit on F
2
 1.159 1.083 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0479, 
wR2 = 0.1068 
R1 = 0.0307, 
wR2 = 0.0688 
R indices (all data) 
R1 = 0.0568, 
wR2 = 0.1104 
R1 = 0.0386, 
wR2 = 0.0717 
Absolute structure 
parameter – – 
Largest diff. peak 
and hole 
0.211 and  
-0.221 e.Å-3 
1.392 and  
-1.033 e.Å-3 
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4.7. Spectroscopic analysis 
 
Figure 4.7.1. 1H NMR spectrum of H2arene-diNOx (4.1) in benzene-d6. Adapted from 
work submitted to Chemical Communications, 2015. 
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Figure 4.7.2. 13C NMR spectrum of H2arene-diNOx (4.1) in acetone-d6. Adapted from work 
submitted to Chemical Communications, 2015. 
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Figure 4.7.3. 1H NMR spectrum of Ce(arene-diNOx)2 (4.2) in benzene-d6. Adapted from 
work submitted to Chemical Communications, 2015. 
 
Figure 4.7.4. 13C NMR spectrum of Ce(arene-diNOx)2 (4.2) in benzene-d6. Adapted from 
work submitted to Chemical Communications, 2015. 
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Figure 4.7.5. 1H NMR spectrum of Ce(arene-diNOx)2 (4.2) in methylene chloride-d2. 
Adapted from work submitted to Chemical Communications, 2015. 
 
 
 
	   208 
  
Figure 4.7.6. 1H NMR spectrum of K(18-crown-6)[La(arene-diNOx)2] (4.3) in pyridine-
d5. Adapted from work submitted to Chemical Communications, 2015. 
 
Figure 4.7.7. 13C NMR spectrum of K(18-crown-6)[La(arene-diNOx)2] (4.3) in pyridine-
d5. Adapted from work submitted to Chemical Communications, 2015. 
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Figure 4.7.8. 1H NMR of K(DME)[La(arene-diNOx)2] (4.3ʹ′) in pyridine-d5. Adapted 
from work submitted to Chemical Communications, 2015. 
 
Figure 4.7.9. 13C spectrum of K(DME)2[La(arene-diNOx)2] (4.3ʹ′) in pyridine-d5. 
Adapted from work submitted to Chemical Communications, 2015. 
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Figure 4.7.10. 1H spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with FcPF6. 
Ferrocene was observed at 4.00 ppm. Trace amount of Ce(arene-diNOx)2 (4.2) was left 
and 19F NMR was not observed. 
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Figure 4.7.11. 1H spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with FcBArF4. 
Ferrocene was not observed and intractable paramagnetic might be produced.  
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Figure 4.7.12. 1H spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with Ph3CCl. 
Ce(arene-diNOx)2 (4.2) was left and Gomberg’s dimer was not obsserved.  
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Figure 4.7.13. 1H spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with C2Cl6. The 
spectrum only showed free ligand.  
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Figure 4.7.14. 1H spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with FcOTf. The 
spectrum only showed no reaction. 19F NMR resonance was not observed.  
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Figure 4.7.15. 1H spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with AgI. The 
spectrum only showed no reaction. 
	   216 
 
Figure 4.7.16. 1H spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with AgOTf. The 
spectrum only showed largely 4.2 with paramagnetic impurities. 
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Figure 4.7.17. 19F spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with AgOTf. The 
spectrum only showed impurities that did not corresponded to 4.2 or AgOTf. 
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Figure 4.7.18. 1H spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with AgBPh4. The 
spectrum only showed no reaction. 
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Figure 4.7.19. 1H spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with AgPF6. The 
spectrum only showed decomposed products. 19F NMR resonances were not observed. 
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Figure 4.7.20. 1H spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with AgBF4. The 
spectrum only showed intractable products. 19F NMR resonance was not observed.  
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Figure 4.7.21. 1H spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with AgBArF4.  
Figure 4.7.22. 19F spectrum of the reaction of Ce(arene-diNOx)2 (4.2) with AgBArF4.  
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Figure 4.7.23. LMCT band by UV-Vis spectrum of Ce(arene-diNOx)2 (4.2) in methylene 
chloride. Adapted from work submitted to Chemical Communications, 2015. 
 
 
Figure 4.7.24. UV-Vis spectra of K(18-crown-6)[La(arene-diNOx)2] (4.3) and Ce(arene-
diNOx)2 (4.2) in methylene chloride. Adapted from work submitted to Chemical 
Communications, 2015. 
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Figure 4.7.25. IR spectrum of H2arene-diNOx (4.1) in nujol. Adapted from work 
submitted to Chemical Communications, 2015. 
 
 
 
Figure 4.7.26. IR spectrum of Ce(arene-diNOx)2 (4.2) in nujol. Adapted from work 
submitted to Chemical Communications, 2015. 
 
 
 
 
	   224 
4.8. Electrochemical analysis 
Cyclic Voltammetry experiments (CV) were performed using a CH Instruments 
620D Electrochemical Analyzer/Workstation and the data were processed using CHI 
software v9.24. All experiments were performed in an N2 atmosphere drybox using 
electrochemical cells that consisted of a 4 mL vial, glassy carbon working electrode, a 
platinum wire counter electrode, and a silver wire plated with AgCl as a quasi-reference 
electrode. The working electrode surfaces were polished prior to each set of experiments. 
Potentials were reported versus ferrocene, which was added as an internal standard for 
calibration at the end of each run. Solutions employed during these studies were ~1 mM 
in analyte and 0.1 M [nPr4N][BArF4] (BArF4= (3,5- (CF3)2-C6H3)4) in methylene chloride. 
All data were collected in a positive-feedback IR compensation mode. 
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Figure 4.8.1. Full scan cyclic voltammograms of H2arene-diNOx (4.1) in methylene 
chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν= scan rate). Adapted from work 
submitted to Chemical Communications, 2015. 
 
Figure 4.8.2. Left: Isolated [N–OH]/[N–O!] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–OH]/[N–
O!] couple. Cathodic features are shown in blue and anodic features are shown in red. 
Linearity shows that the redox couple is diffusion controlled according to the Randles-
Sevcik equation. Adapted from work submitted to Chemical Communications, 2015. 
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Figure 4.8.3. Left: Isolated [N–O!]/[N=O+] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–OH]/[N–
O!] couple. Anodic features are shown in red. Cathodic features could not be described 
due to its irreversibility. Linearity shows that the redox couple is diffusion controlled 
according to the Randles-Sevcik equation. Adapted from work submitted to Chemical 
Communications, 2015. 
 
 
Figure 4.8.4. Differential pulse voltammogram of H2arene-diNOx (4.1) in methylene 
chloride. Adapted from work submitted to Chemical Communications, 2015. 
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Figure 4.8.5. Top: Full scan cyclic voltammograms of Ce(arene-diNOx)2 (4.2) in 
methylene chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν= scan rate). Bottom 
left: Isolated cerium(III/IV) redox couple at varying scan rates. Bottom right: Current 
versus ν1/2 plot from the scan rate dependence of the isolated cerium(III/IV) couple. 
Cathodic features are shown in blue and anodic features are shown in red. Linearity 
shows that the redox couple is diffusion controlled according to the Randles-Sevcik 
equation. Adapted from work submitted to Chemical Communications, 2015. 
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Figure 4.8.6. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–
O!] couple. Cathodic features are shown in blue and anodic features are shown in red. 
Linearity shows that the redox couple is diffusion controlled according to the Randles-
Sevcik equation. Adapted from work submitted to Chemical Communications, 2015. 
 
 
Figure 4.8.7. Differential pulse voltammogram of Ce(arene-diNOx)2 (1) in methylene 
chloride. Adapted from work submitted to Chemical Communications, 2015. 
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Figure 4.8.8. Full scan cyclic voltammograms of [(py)2K(18-crown-6)][La(arene-
diNOx)2] (4.3) in methylene chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν= 
scan rate). Adapted from work submitted to Chemical Communications, 2015. 
 
Figure 4.8.9. Left: Isolated first wave as [N–O–]/[N–O!] couple at varying scan rates. 
Right: Current versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the 
isolated [N–O–]/[N–O!] couple. Cathodic features are shown in blue and anodic features 
are shown in red. Linearity shows that the redox couple is diffusion controlled according 
to the Randles-Sevcik equation. Adapted from work submitted to Chemical 
Communications, 2015. 
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Figure 4.8.10. Left: Isolated second wave as [N–O–]/[N–O!] couple at varying scan 
rates. Right: Current versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the 
isolated [N–O]/[N–O!] couple. Cathodic features are shown in blue and anodic features 
are shown in red. Linearity shows that the redox couple is diffusion controlled according 
to the Randles-Sevcik equation. Adapted from work submitted to Chemical 
Communications, 2015. 
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4.9. Computational details 
Gaussian ’09 Rev. A.02 was used in electronic structure calculations.23 The 
B3LYP hybrid DFT method was employed with a 28-electron small core pseudopotential 
on cerium with published segmented natural orbital basis sets incorporating quasi-
relativistic effects15 and the 6-31G* basis set on all other atoms. Geometry optimizations 
were carried out starting from the coordinates of the crystal structures while the geometry 
optimization on the cationic portion of 4.2+ was carried out starting from the optimized 
coordinates of 4.2. The frequency calculations indicated that the geometries were the 
minima (no imaginary frequencies). Molecular orbitals were rendered with the program 
Chemcraft v1.6 at an isovalue of 0.03.24 Natural population analysis was performed using 
the IOp(6/80 = 1) keyword in Gaussian ’09. 
 
Table 4.9.1. Geometry optimized coordinates of compound 4.2. Adapted from work 
submitted to Chemical Communications, 2015. 
Ce       0.246436000     -0.882205000      0.183884000  
O       -0.834253000      0.349931000      1.677928000  
O        1.420066000     -2.288764000     -1.078266000  
O       -1.078789000     -2.534415000      0.702799000  
O        0.135138000      0.610544000     -1.354132000  
N        0.352946000      0.734661000      2.351630000  
N        2.649475000     -1.932590000     -0.469557000  
N       -2.302817000     -2.189425000      0.058929000  
N       -0.754907000      1.215755000     -2.278404000  
C        3.032720000      1.958635000      1.764964000  
C        3.106938000      1.219868000      0.576653000  
H        2.268336000      1.251669000     -0.114414000  
C        4.264817000      0.520194000      0.212739000  
C        5.389313000      0.603127000      1.047756000  
H        6.301797000      0.080834000      0.774459000  
C        5.337634000      1.351652000      2.225128000  
H        6.213857000      1.411694000      2.865013000  
C        4.169328000      2.026388000      2.584776000  
H        4.135856000      2.605593000      3.503255000  
	   232 
C        1.803206000      2.748909000      2.065145000  
C        0.523232000      2.179390000      2.244883000  
C       -0.594973000      3.018774000      2.360034000  
H       -1.575544000      2.566269000      2.438608000  
C       -0.457016000      4.404549000      2.372396000  
H       -1.338095000      5.032789000      2.468431000  
C        0.812494000      4.976411000      2.267475000  
H        0.935796000      6.055579000      2.284513000  
C        1.921797000      4.150319000      2.104378000  
H        2.907011000      4.588800000      1.971453000  
C        0.288429000      0.231991000      3.802946000  
C        1.503766000      0.747964000      4.587044000  
H        1.492932000      1.835583000      4.701097000  
H        2.442629000      0.456583000      4.108442000  
H        1.483711000      0.307625000      5.589901000  
C       -1.008935000      0.680143000      4.500213000  
H       -1.886468000      0.359353000      3.933549000  
H       -1.048200000      1.765478000      4.629531000  
H       -1.055642000      0.226125000      5.496117000  
C        0.344845000     -1.300578000      3.771761000  
H        0.260239000     -1.693670000      4.790553000  
H        1.302220000     -1.642158000      3.364868000  
H       -0.468593000     -1.725424000      3.178024000  
C        4.318775000     -0.178927000     -1.105457000  
C        3.499493000     -1.274273000     -1.457420000  
C        3.510005000     -1.744953000     -2.779526000  
H        2.832090000     -2.546010000     -3.045778000  
C        4.361390000     -1.195570000     -3.734896000  
H        4.353526000     -1.582291000     -4.750296000  
C        5.224980000     -0.157679000     -3.378733000  
H        5.900659000      0.275659000     -4.110726000  
C        5.189838000      0.343295000     -2.079728000  
H        5.823427000      1.183019000     -1.807759000  
C        3.274573000     -3.191162000      0.148371000  
C        3.462759000     -4.302590000     -0.900972000  
H        4.200008000     -4.026638000     -1.660166000  
H        2.515855000     -4.533951000     -1.395966000  
H        3.822245000     -5.209942000     -0.403423000  
C        4.628116000     -2.838740000      0.780291000  
H        4.529212000     -2.039395000      1.519591000  
H        5.365397000     -2.532217000      0.032533000  
H        5.019964000     -3.726352000      1.288857000  
C        2.332795000     -3.696024000      1.249733000  
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H        2.731859000     -4.623506000      1.674114000  
H        1.331888000     -3.904570000      0.863539000  
H        2.258821000     -2.970163000      2.065449000  
C       -4.379795000      0.016946000     -0.310996000  
C       -3.352185000      0.938159000     -0.539427000  
H       -2.483014000      0.930130000      0.107974000  
C       -3.450725000      1.923019000     -1.534609000  
C       -4.613355000      1.981675000     -2.315185000  
H       -4.708062000      2.741489000     -3.086577000  
C       -5.646362000      1.064303000     -2.102645000  
H       -6.544439000      1.111447000     -2.713060000  
C       -5.537533000      0.094924000     -1.105010000  
H       -6.350871000     -0.606481000     -0.939424000  
C       -4.307476000     -0.913757000      0.858069000  
C       -3.302815000     -1.887589000      1.073895000  
C       -3.280578000     -2.589669000      2.290084000  
H       -2.481920000     -3.302022000      2.454093000  
C       -4.248697000     -2.384053000      3.269593000  
H       -4.204176000     -2.945869000      4.198872000  
C       -5.275668000     -1.466016000      3.043576000  
H       -6.043479000     -1.295863000      3.793188000  
C       -5.291146000     -0.745424000      1.852229000  
H       -6.062887000      0.001517000      1.687482000  
C       -2.684370000     -3.347199000     -0.867342000  
C       -2.845417000     -4.668676000     -0.092220000  
H       -1.939604000     -4.897083000      0.475948000  
H       -3.020979000     -5.485490000     -0.801185000  
H       -3.694204000     -4.637614000      0.597580000  
C       -3.991851000     -3.014717000     -1.599426000  
H       -4.840964000     -2.933979000     -0.915032000  
H       -4.211614000     -3.822089000     -2.306608000  
H       -3.908856000     -2.081245000     -2.162054000  
C       -1.568147000     -3.505285000     -1.907909000  
H       -1.423187000     -2.575541000     -2.464012000  
H       -1.847714000     -4.286523000     -2.623667000  
H       -0.619028000     -3.784070000     -1.446765000  
C       -2.366570000      2.941047000     -1.643226000  
C       -1.023223000      2.577791000     -1.881799000  
C       -0.015221000      3.546451000     -1.759327000  
H        1.020856000      3.251257000     -1.876266000  
C       -0.331684000      4.878847000     -1.497936000  
H        0.461443000      5.617205000     -1.417354000  
C       -1.667968000      5.260031000     -1.350945000  
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H       -1.925180000      6.298721000     -1.161971000  
C       -2.670429000      4.293380000     -1.409216000  
H       -3.705944000      4.575349000     -1.237782000  
C       -0.287978000      1.010384000     -3.694659000  
C       -1.277857000      1.734655000     -4.624766000  
H       -2.307416000      1.423242000     -4.418959000  
H       -1.043675000      1.481602000     -5.664676000  
H       -1.218056000      2.822392000     -4.522942000  
C        1.147318000      1.506333000     -3.965490000  
H        1.210948000      2.598209000     -3.958454000  
H        1.475165000      1.165819000     -4.954477000  
H        1.842464000      1.106107000     -3.222172000  
C       -0.364700000     -0.498080000     -3.979869000  
H        0.308189000     -1.061744000     -3.329108000  
H       -0.082428000     -0.696335000     -5.020204000  
H       -1.386965000     -0.859709000     -3.828245000 
 
Table 4.9.2. Comparison of calculated and crystallographically determined bond lengths 
and angles in 4.2. Adapted from work submitted to Chemical Communications, 2015. 
 Bond lengths (exp.) 
Bond lengths 
(calc’d.) Natural charges MBO 
Ce   1.8905  
O(1) 2.2208(15)  2.2246 -0.6277 0.7353 
O(2) 2.2100(15)  2.2177 -0.6318 0.7117 
O(3) 2.1813(15)  2.1807 -0.6548 0.7803 
O(4) 2.0940(15)  2.1462 -0.6698 0.9231 
N(1) 2.5510(18)  2.7028  -0.2335 0.2790 
N(2) 2.5976(18)  2.7064 -0.2381 0.2909 
N(3) 2.5931(18)  2.8676 -0.2227 0.2551 
N(4) – 3.3863 -0.1821 0.1181 
O(2)–Ce(1)–O(1) 172.37(6)˚ 172.14˚   
O(4)–Ce(1)–O(3) 134.80(6)˚ 131.76˚   
 
Table 4.9.3. Geometry optimized coordinates of [Ce(arene-diNOx)2]+ (4.2+). Adapted 
from work submitted to Chemical Communications, 2015. 
Ce       0.218895017     -1.017257079      0.078218006  
O       -0.870322068     -0.171728013      1.751070134 
 O        1.430573108     -1.977128151     -1.447299109  
O       -0.955198072     -2.806713212      0.261259020  
O       -0.073708006      0.967324073     -1.286794099  
N        0.286955022      0.141261011      2.509412189  
N        2.667686204     -1.735370133     -0.800546063  
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N       -2.123336163     -2.286787172     -0.357708028  
N       -0.528064041      1.920446145     -2.028897154  
C        2.888311222      1.601517124      2.161531166  
C        2.999040228      1.123210086      0.850415065  
H        2.161655163      1.255924094      0.170770013  
C        4.190046318      0.577663046      0.356520027  
C        5.311432430      0.546269039      1.198362093  
H        6.249113454      0.139747011      0.830712066  
C        5.223140397      1.034404079      2.503619191  
H        6.096822486      1.007791077      3.148739238  
C        4.022829308      1.560480121      2.985640227  
H        3.963976304      1.940210148      4.001531304  
C        1.619706126      2.253604171      2.596579197  
C        0.374686029      1.592340121      2.661968201  
C       -0.791111060      2.331144180      2.912627224  
H       -1.745347135      1.819191137      2.908190221  
C       -0.732522058      3.699634282      3.164727244  
H       -1.647769126      4.250601325      3.360566256  
C        0.502506038      4.350669330      3.173837242  
H        0.563832040      5.415104392      3.380731259  
C        1.658119129      3.630235278      2.882570221  
H        2.616371199      4.140016318      2.839091219 
C        0.234531018     -0.624938048      3.845964295  
C        1.424414109     -0.200536015      4.718160360  
H        1.358916105      0.845449065      5.029741384  
H        2.375261179     -0.354423027      4.200878322  
H        1.427036108     -0.817555063      5.622810431  
C       -1.085251085     -0.362235028      4.592369350  
H       -1.946990147     -0.613767047      3.968658306  
H       -1.171857091      0.678482054      4.915866378  
H       -1.116658083     -0.990245073      5.489055431  
C        0.359398028     -2.123991163      3.545690270  
H        0.288435022     -2.687773207      4.481438341  
H        1.333284103     -2.352049179      3.099750236  
H       -0.435678033     -2.478244189      2.883922221  
C        4.265077328      0.167515013     -1.075276084  
C        3.478830264     -0.858461068     -1.641938127  
C        3.493136264     -1.056764082     -3.030772231  
H        2.845422216     -1.812772138     -3.456770262  
C        4.320819330     -0.298009023     -3.855143293  
H        4.319463329     -0.472940036     -4.927197375  
C        5.153262393      0.674131053     -3.296707252  
H        5.810829436      1.265851099     -3.926833300  
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C        5.112754388      0.903027069     -1.923465149  
H        5.722069425      1.689818127     -1.488032115  
C        3.330970256     -3.082151235     -0.467504036  
C        3.522506268     -3.946063300     -1.726438134  
H        4.247831325     -3.508426269     -2.417662184  
H        2.574285198     -4.089935312     -2.251928171  
H        3.900525295     -4.929868376     -1.428895108  
C        4.686033358     -2.820524215      0.203807016  
H        4.576586348     -2.194399170      1.093365082  
H        5.398411390     -2.343984179     -0.475315036  
H        5.113288391     -3.780371288      0.512335039  
C        2.424779184     -3.823875294      0.522430040  
H        2.876399220     -4.788120365      0.776690059  
H        1.433925112     -4.023219306      0.105018008  
H        2.319665177     -3.258890250      1.453912110  
C       -4.179527322      0.024103002     -0.394312030  
C       -3.212537244      1.037305081     -0.361237028  
H       -2.395777185      0.967392072      0.348268027  
C       -3.326459253      2.184692164     -1.161033088  
C       -4.436431340      2.321968178     -2.007004155  
H       -4.542386347      3.211958245     -2.621074198  
C       -5.406007412      1.318646103     -2.050583155  
H       -6.266095493      1.426635108     -2.705339208  
C       -5.285119404      0.185051014     -1.246225095  
H       -6.055336472     -0.580243044     -1.273582098  
C       -4.139706316     -1.109396083      0.586683046  
C       -3.175535245     -2.142678163      0.649101048  
C       -3.227853248     -3.071779234      1.700163129  
H       -2.462554189     -3.835758292      1.749962132  
C       -4.227861324     -3.021601229      2.667489202  
H       -4.240807323     -3.756315287      3.467595265  
C       -5.210825400     -2.034474153      2.592097198  
H       -6.003262467     -1.981869151      3.333026253  
C       -5.155165394     -1.098515082      1.563202119  
H       -5.899112447     -0.308426023      1.517411115  
C       -2.484936191     -3.214424243     -1.531674114  
C       -2.694049206     -4.659704356     -1.045158082  
H       -1.808761138     -5.028418383     -0.520311040  
H       -2.872188218     -5.305352395     -1.911732146  
H       -3.559378270     -4.746039365     -0.381660029  
C       -3.759768285     -2.709316208     -2.217923167  
H       -4.632418352     -2.765053210     -1.561913117  
H       -3.958617300     -3.344570254     -3.087489237  
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H       -3.648560279     -1.680004127     -2.567802194  
C       -1.334393100     -3.177311243     -2.544836193  
H       -1.176516089     -2.162341167     -2.921919222  
H       -1.590792119     -3.811803290     -3.399933260  
H       -0.399312031     -3.543702272     -2.118524164  
C       -2.326124177      3.282844252     -1.021491079  
C       -0.971178076      3.130588236     -1.368789103  
C       -0.037144003      4.146661319     -1.144566087  
H        1.004389076      3.988532303     -1.401619106  
C       -0.454138035      5.359875432     -0.598379044  
H        0.270457021      6.149122450     -0.424393033  
C       -1.801543139      5.551321442     -0.287321022  
H       -2.136560165      6.497277475      0.127495010  
C       -2.719839210      4.521500345     -0.491036037  
H       -3.761957285      4.661957354     -0.220133017  
C       -0.284759022      1.836524142     -3.520058268  
C       -1.214510095      2.824454213     -4.237423324  
H       -2.266923171      2.597440200     -4.043161308  
H       -1.040682079      2.734476210     -5.313931417  
H       -1.016368077      3.860854295     -3.952160300  
C        1.194742092      2.182507165     -3.783913289  
H        1.413512110      3.226302245     -3.540553271  
H        1.407182108      2.033969154     -4.847536371  
H        1.857484144      1.531379119     -3.207677243  
C       -0.586024046      0.399249031     -3.966139300  
H        0.100911008     -0.314689024     -3.507271266  
H       -0.468363036      0.338366026     -5.052173388  
H       -1.614194126      0.119407009     -3.716603281  
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Figure 4.9.1. Spin density plot of 4.2+. Adapted from work submitted to Chemical 
Communications, 2015. 
 
Table 4.9.4. Comparison of calculated and crystallographically determined bond lengths 
in 4.2 and 4.2+. Adapted from work submitted to Chemical Communications, 2015. 
 
Bond lengths in 4.2 
(exp., Å) 
Bond lengths in 4.2 
(calc’d., Å) 
Bond lengths in 4.2+ 
(calc’d., Å) 
Ce  
  
O(1) 2.2208(15)  2.2246 2.1718 
O(2) 2.2100(15)  2.2177 2.1679 
O(3) 2.1813(15)  2.1807 2.1481 
O(4) 2.0940(15)  2.1462 2.4264 
avg. N–O  1.430(2) 1.41713 1.4186 
N(4)–O(4) – – 1.2906 
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Chapter 5:  
Rare Earth Bidentate Nitroxide Complexes: Syntheses 
and Characterization 
5.1. Abstract 
We report rare earth metal complexes with tri- and bidentate ligands including 
electron rich nitroxide groups. A tridentate H3arene-triNOx ligand was complexed to 
cerium(IV) resulting in a 2:1 ligand to metal stoichiometry, as Ce(Harene-triNOx)2. 
Cyclic voltammetry of this compound showed stabilization of tetravalent cerium cation 
with a Ce(IV/III) couple at E1/2 = –1.82 V versus Fc/Fc+. The ligand system was 
redesigned toward a simpler bidentate mode and a series of rare earth metal arene-diNOx 
complexes were prepared with La(III), Ce(IV), Pr(III), Tb(III) and Y(III) in [(py)2K(18-
crown-6)][RE(arene-diNOx)2] (RE = La, Pr, Y and Tb) and CeIV(arene-diNOx)2. The 
core structures were isostructural throughout the series with three nitroxide groups in η2 
binding modes and one κ1 nitroxide group coordinated to the metal center. In all cases 
except CeIV(arene-diNOx)2, electrochemical analysis described two subsequent, ligand-
based, quasi-reversible redox waves, indicating stable a [N–O!] group was generated on 
the electrochemical timescale. Chemical oxidation of the terbium complex was 
performed and isolation of the resulting complex, Tb(arene-diNOx)2, confirmed the 
assignment of the cyclic voltammograms. Magnetic data showed no evidence for state 
mixing between the Tb(III) states and the open shell ligand. 
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5.2. Introduction   
Multidentate ligands are used extensively in synthetic strategies to isolate targeted 
metal complexes. For transition metal chemistry, the chelate effect maintains the integrity 
of the structures and can be used to confer overall complex stability and isolate higher 
oxidation states.1 For example, tBuOCO3– (tBuOCO3– = [2,6-(tBuC6H3O)2C6H3]3), a 
trianionic ligand, has been used to stabilize Cr(IV), Mo(IV) and W(IV) complexes.1-3  
Redox active ligands play an important role in multi-electron reactions as they 
serve as electron reservoir. A critical component of multi-electron chemistry is the 
stability of oxidized/reduced redox active ligands. In lanthanide chemistry, cerocene 
(Ce(C8H8)2), a complex comprising redox active COT2– ligands, exhibits an interesting 
multiconfigurational ground state described as an admixture of Ce(III, 4f1)[(C8H8)1.5–]2 
and Ce(IV, 4f0)[(C8H8)1–]2 configurations. Detailed experiments and computational 
studies elucidated that the electron hole of cerocene was shared by the cerium cation and 
the two cyclooctatetraene dianions.4, 5 Electrochemical characterization of K[Ce(C8H8)2] 
showed a reversible Ce(IV/III) couple at –1.4 V versus Fc/Fc+ (in THF) in a one electron 
transfer process. In an attempt to expand the characteristic intermediate valence effects of 
cerocene to other ions, the analogous K[Pr(C8H8)2] was prepared and characterized.6 In 
the cyclic voltammograms of K[Pr(C8H8)2], however, only an irreversible oxidation wave 
was observed at –0.91 V versus Fc/Fc+.6 Chemical oxidation of K[Pr(C8H8)2] showed the 
formation of Pr2(C8H8)3. Upon the removal of one electron, the [Pr(C8H8)2]– complex 
disproportionated to Pr2(C8H8)3, generating free cyclooctatetraene, which prevented 
isolation of Pr(C8H8).  
In previous work, our group reported tetravalent cerium and trivalent lanthanum 
	   245 
arene-diNOx complexes that exhibited stabilization of an electron hole in the arene-
diNOx2– framework on the electrochemical time scale. The electron rich and chelating 
arene-diNOx2– ligand framework stabilized a Ce(IV) cation and maintained overall 
complex integrity upon oxidation. Moreover, the cyclic voltammogram of the metal 
redox-inactive lanthanum congener revealed two subsequent reversible redox events at 
the [N–O–] groups at E1/2 = –1.25 V and –0.65 V versus Fc/Fc+, indicating significant 
stability upon subsequent oxidation.  
This chapter includes descriptions of the synthesis of H3arene-triNOx (5.1), 
Ce(Harene-triNOx)2 (5.2), and rare earth arene-diNOx2- complexes of La, Pr, Y and Tb, 
[(py)2K(18-crown-6)][RE(arene-diNOx)2] (5.3–RE). Furthermore, the complex 
[(py)2K(18-crown-6)][Tb(arene-diNOx)2] (5.3–Tb) was oxidized to Tb(arene-diNOx)2 
(5.4) and isolated, resulting in a Tb(III) cation and a ligand-based electron hole. These 
results comprise important steps toward isolation of non-cerium/non-ytterbium 
intermediate valence compounds that avoid disproportionation reactions.  
5.3. Results and discussion 
5.3.1. Synthesis and structural characterization     
The tridentate ligand, H3arene-triNOx was prepared in similar synthetic route to 
H3TriNOx (H3TriNOx = tris(2-tert-butylhydroxylaminato)benzylamine).7 The starting 
material 1,3,5-tris(2ʹ′-bromophenyl)-benzene was synthesized according to the literature 
procedure,8 followed by a lithiation reaction at –100 ˚C with nBuLi and subsequent 
quench work 2-methyl-2-nitrosopropane to produce 1,3,5-tris(2ʹ′-tert-
butylhydroxyaminophenyl)-benzene (H3arene-triNOx, 5.1) in 44 % yield. X-ray 
crystallographic analysis was performed on colorless crystals of the compound grown 
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from a saturated THF solution at –35 ˚C (Figure 5.3.1). 
 
Figure 5.3.1. Thermal ellipsoid plot of H3arene-triNOx (5.1) at 30 % probability. 
Hydrogen atoms and interstitial solvent were omitted for clarity. Selected bond distance 
(Å): N(1)–O(1) 1.4544(13). 
 
H3arene-triNOx was reacted with several Ce(III) and Ce(IV) starting materials 
including Ce(OTf)3, (THF)Ce(OAr)3 (Ar = 2,6-tBu-C6H3),9, 10 Ce[N(SiMe3)2]3, Ce(OTf)4, 
CeCl[N(SiMe3)2]311 and Ce[N(SiHMe2)2]4,12 to synthesize the corresponding 1:1 
Ce(arene-triNOx) complex, where the cerium metal could be either tri– or tetravalent. In 
these cases, intractable brown solids precipitated from the reaction mixtures.  
 
Scheme 5.3.1. Preparation of Ce(Harene-triNOx)2 (5.2).  
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Figure 5.3.2. Thermal ellipsoid plot of Ce(Harene-triNOx)2 (5.2) at 30 % probability. 
Hydrogen atoms and interstitial solvent were omitted for clarity. Selected bond distance 
(Å): Ce(1)–O(1) 2.221(3), Ce(1)–O(2) 2.221(3), Ce(1)–O(4) 2.223(3), Ce(1)–O(5) 
2.215(3), Ce(1)–N(1) 2.622(3), Ce(1)–N(2) 2.649(3), Ce(1)–N(4) 2.628(3), Ce(1)–N(5) 
2.666(3), N(1)–O(1) 1.445(4), N(2)–O(2) 1.429(4), N(3)–O(3) 1.464(4), N(4)–O(4) 
1.441(4), N(5)–O(5) 1.427(4) and N(6)–O(6) 1.463(4). 
 
When Ce(OtBu)4(py)212 was treated with 2 equiv of H3arene-triNOx, the reaction 
mixture turned dark brown/orange (Scheme 5.3.1). After the volatiles were removed 
under reduced pressure, the product was crystallized from THF/hexanes, and X-ray 
crystallographic analysis revealed that the complex comprised one Ce(IV) cation with 
two Harene-triNOx2– ligands, Ce(Harene-triNOx)2 (5.2, Figure 5.3.2). Each Harene-
diNOx2– ligand in 5.2 possessed two negatively charged nitroxide groups, bound to a 
Ce(IV) cation in an η2 mode, and one hydroxylamine ligand arm. The Ce(1)–O bond 
distances in 5.2, 2.215(3)–2.223(3) Å, were close to that of the previously reported 
tetravalent cerium nitroxide complexes, Ce[η2–ON(tBu)(2-OMe-5-tBu-C6H3)]4,13 which 
was 2.204(3) Å. The η2 binding modes were supported by the bond distances, avg. 
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Ce(1)–N 2.641(3) Å, compared to the reported complex, [(η1-ONC5H6Me4)2Sm(µ-η1:η2-
ONC5H6Me4)]2, which showed a Sm–N bond distance of 2.537(6) Å,14 consistent with 
the ionic radii difference.15 The N–O and N–OH distances were in the range of fully 
reduced N–O bond lengths.16-18 The diamagnetic 1H NMR resonances of 5.2 showed an 
H–ON resonance at 4.42 ppm (Figure 5.7.3). Additionally, the IR spectrum exhibited 
broad H–ON stretches in 5.2 at 3369 cm–1 (Figure 5.7.14) which corresponded to the 
unbound H–ON stretching mode.19  
 
Figure 5.3.3. Cyclic voltammograms of H3arene-triNOx (5.1, top, black plot) and 
Ce(Harene-triNOx)2 (5.2) (bottom, purple plot) with 0.1 M [nPr4N][BArF4] in methylene 
chloride. 
 
In order to examine how much the H3arene-triNOx ligand framework stabilized 
the tetravalent cerium cation, cyclic voltammetry was performed on H3arene-triNOx (5.1) 
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and complex 5.2 (Figure 5.3.3). In the CV of H3arene-triNOx (5.1), the first redox waves 
from –0.67 V to 0.42 V, which corresponded to [N–OH]/[N–O!] processes; were not 
well defined because proton transfer processes were involved. The second wave at 0.47 V 
versus Fc/Fc+ was assigned to the [N–O!]/[N=O+] couple. In the cyclic voltammogram of 
Ce(Harene-triNOx)2 (5.2), the CeIII/IV couple was measured at –1.82 V versus Fc/Fc+. The 
stabilization of the tetravalent cerium cation could be attributed to the four electron rich 
nitroxide groups, as observed by our group previously in the complexes, CeIVL4 (L = η2–
ON(tBu)(2-OMe-5-tBu-C6H3))13 and Ce(arene-diNOx)2.20 The strong stabilization of the 
Ce(IV) cation was attributed to the coordination of four electron rich nitroxide groups.  
Even though the resulting complex 5.2 was not the original synthetic target, 
Ce(arene-triNOx), we were encouraged by the large stabilization of the cerium(IV) cation 
with the four nitroxide groups. Therefore, the ligand design was adjusted to a bidentate 
nitroxide ligand, H2arene-diNOx. The synthesis of H2arene-diNOx and its tetravalent 
cerium metal complex, Ce(arene-diNOx)2 (Scheme 5.3.2(a) and Figure 5.3.4), was 
discussed in Chapter 4,20 starting from either Ce[N(SiHMe2)2]412 or Ce(OtBu)4(py)2.12 
Due to the large Ce(IV/III) stabilization of Ce(arene-diNOx)2 of –1.74 V versus Fc/Fc+, 
we sought to expand the synthesis to other rare earth metal nitroxide complexes, namely 
Pr and Tb with the goal of generating mixed Pr(IV/III) or Tb(IV/III) character in the 
resulting oxidized complexes. 
The rare-earth metal complexes were prepared following the previously reported 
synthetic route:20 either protonolysis from RE[N(SiMe3)2]3 (RE = La, Pr and Y, scheme 
5.3.2(b)) or metathesis from RE(OTf)3 (RE = Tb, Scheme 5.3.2(b)). For both synthetic 
routes, the K(DME)2[RE(arene-diNOx)2] (5.3ʹ′–RE) were prepared first. Subsequently, 
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the potassium cation was sequestered and crystallized with 18-crown-6 and pyridine.  
For the La, Pr and Y complexes, RE[N(SiMe3)2]3 were treated with 2 equiv of 
H2arene-diNOx in dimethoxyethane followed by 1 equiv KN(SiMe3)2. For the metathesis 
reaction, Tb(OTf)3 was treated with 2 equiv of H2arene-diNOx in dimethoxyethane, 
followed by the addition of 4 equiv of KN(SiMe3)2, in yields ranging from 50–77 % 
(Scheme 5.3.2(b)). 
 
Scheme 5.3.2. (a) Preparation of Ce(arene-diNOx)2 (b) Preparation of 
K(DME)2[RE(arene-diNOx)2 (5.3ʹ′–RE), [(py)2K(18-crown-6)][RE(arene-diNOx)2] (5.3–
RE) and Tb(arene-diNOx) (5.4). 
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Figure 5.3.4. Thermal ellipsoid plots of Ce(arene-diNOx)2 at 30 % probability. Hydrogen 
atoms and interstitial solvent were omitted for clarity. Selected bond distances (Å): 
Ce(1)–O(1) 2.2208(15), Ce(1)–(2) 2.2100(15), Ce(1)–O(3) 2.1813(15), Ce(1)–O(4) 
2.0940(15), Ce(1)–N(1) 2.5510(18), Ce(1)–N(2) 2.5976(18), Ce(1)–N(3) 2.5931(18), 
N(1)–O(1) 1.422(2), N(2)–O(2) 1.431(2),  N(3)–O(3) 1.439(2) and N(4)–O(4) 1.426(2). 
 
 
Figure 5.3.5. Thermal ellipsoid plots of K(DME)2[RE(arene-diNOx)2] (5.3ʹ′–RE, RE = 
Pr (left) and Tb (right)) at 30 % probability. Hydrogen atoms and interstitial solvent were 
omitted for clarity. Selected bond distances (Å): (5.3ʹ′–Pr) Pr(1)–O(1) 2.2880(17), Pr(1)–
O(2) 2.3216(16), Pr(1)–O(3) 2.3413(17), Pr(1)–O(4) 2.2624(16), N(1)–O(1) 1.434(2), 
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N(2)–O(2) 1.438(2), N(3)–O(3) 1.443(2), N(4)–O(4) 1.439(2), K(1)–O(2) 2.5905(16) and 
K(1)–O(3) 2.7027(17). (5.3ʹ′–Tb) The bond distances of 5.3ʹ′–Tb could not be described 
accurately due to insufficient quality of the structure. 
 
 
Figure 5.3.6. Thermal ellipsoid plots of [(py)2K(18-crown-6)][RE(arene-diNOx)2] (5.3–
RE, RE = Pr (left) and Tb (right)) at 30 % probability. Hydrogen atoms, [(py)2K(18-
crown-6)] and interstitial solvent were omitted for clarity. Selected bond distances (Å): 
(5.3–Pr) Pr(1)–O(1) 2.288(4), Pr(1)–O(2) 2.302(4), Pr(1)–O(3) 2.266(4), Pr(1)–O(4) 
2.283(4), N(1)–O(1) 1.422(6), N(2)–O(2) 1.440(5), N(3)–O(3) 1.430(5), N(4)–O(4) 
1.439(6), (5.3–Tb) Tb(1)–O(1) 2.210(3), Tb(1)–O(2) 2.219(3), Tb(1)–O(3) 2.183(3), 
Tb(1)–O(4) 2.207(3), N(1)–O(1) 1.429(4), N(2)–O(2) 1.451(4), N(3)–O(3) 1.439(4), 
N(4)–O(4) 1.444(4). 
 
K(DME)2[Tb(arene-diNOx)2] (5.3ʹ′–Tb) was extracted with toluene and pale 
yellow crystals were grown from DME/hexanes and isolated in 50 % yield. After 5.3ʹ′–
RE (RE = La, Pr, Y and Tb) was isolated (Figure 5.3.5), 1 equiv of 18-crown-6 was 
added in pyridine then layered with hexanes, and yellow crystals of 5.3–RE were grown 
and isolated in 64–83 % yield (Figure 5.3.6). 
Structural characterization of 5.3ʹ′–RE (RE = Pr and Tb, Figure 5.3.5) revealed 
one RE(III) metal cation with two arene-diNOx2– ligands that interacted with one 
potassium cation. The potassium cation also included interactions with two equiv of 
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dimethoxyethane (DME). Because of the interaction with the electron withdrawing 
potassium cation, the bond distances, Pr(1)–O(2) and Pr(1)–O(3) at 2.3216(16) Å and 
2.3413(17) Å, were slightly longer than the other potassium-free Pr(1)–O(1) and Pr(1)–
O(4) distances at 2.2880(17) Å and 2.2624(16) Å. Alkali metal cations are often 
surrounded by three or more equivalents of DME in the solid state, such that the cations 
are sequestered.21, 22 However, due to the electron rich nitroxide groups, the potassium 
cation in 5.3ʹ′–RE showed interactions with the nitroxide groups and only two DME 
molecules. Such interactions of a potassium cation between metal-bound electron rich 
groups and DME molecules were often observed with various electron donors, such as 
with halides,23 hard O– or N– anions as in alkoxides or amides24, 25 or even weak arene 
interactions.25, 26  
The [N–O–] bond distances ranged 1.434(2)–1.443(2) Å, consistent with fully 
reduced nitroxide group. 1H NMR spectroscopy revealed that their solution structures 
were also isostructural. The solution structures of 5.3ʹ′–RE (RE = La, Pr and Y) examined 
by 1H NMR spectroscopy in pyridine-d5 solvent exhibited two tert-butyl resonances, 
consistent with those of Ce(arene-diNOx)2, demonstrating that the coordination mode of 
nitroxide groups in solution were indistinguishable, resulting from the sequestration of 
the potassium ion by pyridine (see Figure 5.7.5 and 5.7.11).  
In all cases, the coordination environment around the RE cations in 5.3–RE were 
positioned with three nitroxide groups in η2 binding modes and a fourth nitroxide bound 
end-on through an oxygen atom (Scheme 5.3.2(b), [5.3–RE]– and Figure 5.3.6). The N–O 
bond distances in 5.3–Pr and 5.3–Tb ranged from 1.429(4)–1.451(4) Å and 1.429(4)–
1.451(4) Å respectively, which indicated that all of the nitroxide groups were fully 
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reduced. The η2 binding modes were observed in previously reported complexes, 
[RE(TriNOx)thf] (RE = La, Nd, Dy and Y)7 and Ce[η2-ON(tBu)(2-OMe-5-tBu-C6H3)]4.13 
Similar to the 1H NMR tert-butyl resonances of Ce(arene-diNOx)2 and 5.3ʹ′–RE (RE = 
La, Pr and Y), the 1H NMR spectra of 5.3–RE (RE = La, Pr and Y) manifested the two 
tert-butyl resonances at 1.58 and 1.13 ppm (La) –5.07 and –11.75 ppm (Pr) and 1.60 and 
1.09 ppm (Y), indicating that the binding mode of nitroxide groups were equivalent 
within the metal complexes (see Figure 5.7.6 and 5.7.9). 
Cyclic voltammetry was performed on the compounds 5.3–RE in order to study 
their stabilities upon oxidation. The redox-inactive yttrium and lanthanum metal ion 
analogue complexes,20 which have similar ionic radii to Tb(III), 0.96 Å for Y(III) and 
0.98 Å for Tb(III),15 were prepared for control experiments (Figure 5.6.7). 
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Figure 5.3.7. Cyclic voltammograms of [(py)2K(18-crown-6)][RE(arene-diNOx)2] (5.3–
RE, RE = La, Pr, Y and Tb) and Ce(arene-diNOx)2 with 0.1 M [nPr4N][BArF4] in 
methylene chloride. 
 
Table 5.3.1. Electrochemical analyses of the ligand redox waves in [(py)2K(18-crown-
6)][RE(arene-diNOx)2] (5.3–RE, RE = La, Pr, Y and Tb) and Ce(arene-diNOx)2. 
 Wave 1 [N–O–]/[N–O!] Wave 2 [N–O–]/[N–O!] 
Complexes/Potentials Epaa (V) Epca (V) ΔE (V) Epaa (V) Epca (V) ΔE (V) 
5.3–La –0.57 –0.73 0.16 –1.20 –1.30 0.10 
Ce(arene-diNOx)2 – – –  –0.32 –0.41 0.09 
5.3–Pr –0.47 –0.69 0.22 –1.19 –1.33 0.14 
5.3–Y –0.61 –0.69 0.08 –1.11 –1.17 0.06 
5.3–Tb –0.59 –0.71 0.12 –1.08 –1.17 0.09 
a. Potentials were referenced by Fc/Fc+.  
The cyclic voltammograms of [(py)2K(18-crown-6)][RE(arene-diNOx)2] (5.3–
RE, RE = La, Pr, Y and Tb) and Ce(IV)(arene-diNOx)2 were recorded (Figure 5.3.7 and 
Table 5.3.1). In each complex, two reversible redox waves were observed, and they were 
assigned to two subsequent [N–O–]/[N–O!] couples. The redox potential of Wave 2, E1/2 
at –0.37 V for Ce(arene–diNOx)2 was anodically shifted compared to those of 5.3–RE 
(RE = La, Pr, Y and Tb), due to the higher charge on the tetravalent cerium cation. In the 
CV of the 5.3–La and 5.3–Y analogues, the two waves were attributed to two sequential 
ligand based [N–O–]/[N–O!] oxidations at –1.20 V and –0.57 V for 5.3–La, and –1.11 V 
and –0.61 V for 5.3–Y, versus Fc/Fc+. Quasi-reversible waves at –1.26 V and –0.58 V for 
5.3–Pr and –1.13 V and –0.65 V for 5.3–Tb compared to those of the 5.3–La and 5.3–Y, 
indicate that Pr(III)/Pr(IV) and Tb(III)/Tb(IV) redox couples were not observed, rather 
that the waves were attributed to ligand oxidations. Once one ligand arm [N–O–] was 
oxidized, it was significantly more difficult to oxidized another, as the redox potentials of 
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Wave 1 were shifted to more oxidizing potentials than those of Wave 2. Redox potentials 
of Wave 2 of –1.14 V for 5.3–Y and –1.13 V for 5.3–Tb evidently required more positive 
oxidation potentials than those of –1.25 V for 5.3–La and –1.26 V for 5.3–Pr, because of 
the increased charged density on the metal cation.  
The reversibility of the first [N–O–]/[N–O!] redox waves of 5.3–Tb indicated 
that the complexed, oxidized ligand was stable and complex integrities were maintained 
on the electrochemical time scale. Therefore, we pursued chemical oxidation of 5.3–Tb 
to verify its stability and probe its electronic structure. After addition of AgOTf to a 
solution of 5.3–Tb in CH2Cl2 as an oxidant, black Ag(0) solid precipitated and potassium 
triflate was detected by 19F NMR. However, due to the similar solubility of [(py)2K+(18-
crown-6)]OTf with the resulting metal complex, purification was problematic. As a 
result, Tb(arene-diNOx)2 (5.4) was prepared using 5.3ʹ′–Tb (Scheme 5.3.2). 
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Figure 5.3.8. Thermal ellipsoid plot of Tb(arene-diNOx)2 (5.4) at 30 % probability. 
Hydrogen atoms and interstitial solvent were omitted for clarity. Selected bond distances: 
Tb(1)–O(1) 2.147(5) Å, Tb(1)–O(2) 2.202(5) Å, Tb(1)–O(3) 2.167(5) Å, Tb(1)–O(4) 
2.353(5) Å, N(1)–O(1) 1.450(7) Å, N(2)–O(2) 1.443(7) Å, N(3)–O(3) 1.440(7) Å, N(4)–
O(4) 1.287(8) Å. 
 
Complex 5.3ʹ′–Tb was treated with AgOTf in methylene chloride, and black 
Ag(0) precipitated immediately. After stirring the reaction mixture for 1 h, the mixture 
was filtered and the product extracted with hexanes to remove KOTf and any residual 
Ag(0) or AgOTf. Pale orange crystals were grown of 5.4 from CH2Cl2/hexanes at –21 ˚C 
in 34 % (Scheme 5.3.2 and Figure 5.3.8).  
Notably, the solid state characterization of 5.4 (Figure 5.3.8) revealed that one of 
the four Tb–O bond lengths was elongated to 2.353(5) Å, compared to the average Tb–O 
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bond distance 2.205(3) Å in 5.3–Tb. The remaining three Tb–O bond distances were 
2.172(5) Å, which were similar to those in 5.3–Tb. The bond length of the localized, 
oxidized nitroxide group, N(4)–O(4), decreased to 1.287(8) Å, consistent with the 
reported [N–O!] distance in [Tb(hfac)3(2pyNO)] (hfac = 1,1,1,5,5,5-hexafluoropentane-
2,4-dione, 2pyNO = t-butyl 2-pyridyl nitroxide).27 Compound 5.4 was 1H NMR silent. 
 
 
Figure 5.3.9. UV–Vis spectrum of Ce(arene-diNOx)2, 5.3–Ln (Ln = La, Pr and Tb) and 
5.4 in methylene chloride.  
 
In the UV-Vis spectrum (Figure 5.3.9), the complex Ce(IV)(arene-diNOx)2 
showed a characteristic LMCT band. Moreover, only π–π* transitions of the arene-
diNOx2– ligand were observed for complex 5.4, as well as 5.3–Ln (Ln = La, Pr and Tb).  
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Figure 5.3.10. Temperature dependent magnetic data of [(py)2K(18-crown-6)][Tb(arene-
diNOx)2] (5.3–Tb) and Tb(arene-diNOx)2 (5.4). 
 
The electronic structural assignments were confirmed through magnetic 
susceptibility measurements of both 5.3–Tb and 5.4 (Figure 5.3.10). The temperature 
dependences of the magnetic moments for these complexes were measured from 2 to 300 
K in the presence of a 1.0 T field. In the case of Tb(arene-diNOx)2•CH2Cl2 (5.4), the χT 
product reached a value of 11.09 emu K mol–1 at 300 K, which was close to the value 
expected for an isolated TbIII ion (J = 6, χTtheoretical = 11.82 emu K mol–1) and ligand 
radical (S = 1/2, χTtheoretical = 0.375 emu K mol–1). Based on these measurements, the 
alternative formal electronic structure configuration of a TbIV ion (J = 7/2, χTtheoretical = 
7.88 emu K mol–1) and closed shell nitroxide ligand (S = 0, χTtheoretical = 0 emu K mol–1) 
	   260 
was ruled out. In the case of 5.3–Tb, the χT product reached a slightly smaller value of 
10.23 emu K mol–1 at 300 K, as expected from pairing of the ligand radical and was 
consistent with the oxidation state of the central TbIII cation remaining unchanged 
between reduced and oxidized species. In both cases the measured χT product steadily 
decreased to 8.82 emu K mol–1 for 5.4 and 7.88 emu K mol-1 for 5.3–Tb at 20 K due to 
the thermal depopulation of the Stark levels created by small crystal field perturbations to 
the J = 6 manifold. Below 20 K, the χT products decreased precipitously to 3.78 emu K 
mol–1 for 5.4 and 2.90 emu K mol–1 for 5.3–Tb at 2 K. The field dependent data at 2 K 
reached values of 5.27 µB for 5.4 and 4.17 µB for 5.3–Tb at 7 T. Overall, these results 
were consistent with localized oxidation occurring at the ligand with the formal oxidation 
state of the Tb cation as TbIII in both 5.3–Tb and 5.4. 
In order to investigate the electronic structures of 5.3–Tb and 5.4 in detail, DFT 
calculations were performed. The DFT calculations were analyzed at B3LYP/6-31G* 
level of theory using a 28 electron pseudopotential for the terbium cation.28 Geometrical 
optimizations were performed using the experimentally determined X-ray coordinates. 
The frequency calculations indicated that the geometries were the minima (no imaginary 
frequencies). The optimized geometries matched well with the X-ray crystallographic 
structures (Table 5.9.2 and Table 5.9.5). The experimental average Tb(1)–O bond 
distances were 2.205(3) Å for 5.3–Tb and 2.172(5) Å for 5.4 and calculated result was 
2.2000 Å and 2.1344 Å, respectively. The distance of Tb(1)–O(4) at 5.4 was 
experimentally 2.353(5) Å and calculated as 2.2459 Å. The bond length of [N–O!], 
N(4)–O(4) was 1.287(8) Å in the crystal structure and 1.3549 Å in the calculation results.  
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Figure 5.3.11. (Left) β–HOMO–4 and (Right) β–HOMO of 5.3–Tb. 
 
 
Figure 5.3.12. (Left) β–HOMO–3 and (Right) β–LUMO of 5.4. 
 
In the molecular orbital diagram, the α orbitals for both 5.3–Tb and 5.4 showed 
primarily ligand character. In the β orbital energy diagram of 5.3–Tb, β–HOMO was 
composed of [N–O–] π* orbital in 68.22 %, as we expected. The β–HOMO–4 showed 
38.83 % of 4f orbital contribution with 58.60 % ligand character (Figure 5.3.11). 
Compared to the complex 5.3–Tb, the energies of molecular orbitals of 5.4 were lower 
than those of 5.3–Tb, due to the higher charge density on the 5.4. HOMO–3 of 5.4 was 
largely localized on [N–O!] π* bond in 91.9 % (Figure 5.3.12). β–LUMO to β–LUMO+6 
was primarily on Tb 4f orbitals and ranged from 91.18–97.68 %.  
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5.4. Summary 
In summary, a new multidentate nitroxide ligand, H3arene-triNOx, was prepared 
and its tetravalent cerium metal complex was isolated. The resulting metal complex was 
composed of two Harene-triNOx2– ligands, with two [N–O–] groups from each Harene-
triNOx2– bound to the cerium cation. Electrochemical analysis revealed the four nitroxide 
groups strongly stabilized the tetravalent state of the metal cation. Therefore, the ligand 
framework was adjusted to H2arene-diNOx, and a series of rare earth metal arene-diNOx 
complexes were prepared and characterized (5.3–RE (RE = La, Pr, Y and Tb)). Cyclic 
voltammetry showed quasi-reversible redox waves with potentials at E1/2 = –0.65 V and 
E1/2 = –1.13 V versus Fc/Fc+, which prompted us to perform a chemical oxidation 
reaction of 5.3–Tb. The oxidized complex, 5.4 was isolated and its solid state structure 
showed one of the nitroxide groups was oxidized to [N–O!], and coordinated to the Tb 
cation, consistent with the electrochemical assignment. Magnetic susceptibility 
characterization revealed that the oxidation state of 5.4 remained Tb(III), and there was 
no clear signature of magnetic coupling or intermediate valence effects observed between 
the [N–O!] radical and Tb(III) cation. 
5.5 Experimental 
5.5.1 General Methods  
All reactions and manipulations were performed under an inert atmosphere (N2) 
using standard Schlenk techniques or in a Vacuum Atmospheres, Inc. Nexus II drybox 
equipped with a molecular sieves 13X / Q5 Cu-0226S catalyst purifier system. Glassware 
was oven-dried overnight at 150 °C prior to use. 1H NMR and 13C NMR were obtained 
on a Bruker DMX-300 and a Bruker AM–500 Fourier transform NMR spectrometer at 
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300 MHz and 126 MHz, respectively. Chemical shifts were recorded in units of parts per 
million downfield from residual proteo solvent peaks (1H) or characteristic solvent peaks 
(13C{1H}). UV-Vis data were collected on a Cary 5000 spectrometer in methylene 
chloride in 1 mm path length air-free quartz cuvettes. The infrared spectra were obtained 
from 400–4000 cm-1 using a Perkin Elmer 1600 series infrared spectrometer. Elemental 
analyses were performed either at the University of California, Berkeley Microanalytical 
Facility using a PerkinElmer Series II 2400 CHNS analyzer or at Complete Analysis 
Laboratories, Inc. using a Carlo Erba EA 1108 analyzer.    
5.5.2. Materials 
THF, dimethoxyethane (DME), methylene chloride (CH2Cl2), pyridine and 
hexanes were purchased from Fisher Scientific. These solvents were sparged for 30 min 
with dry argon and dried using a commercial two-column solvent purification system 
comprising columns packed with Q5 reactant and neutral alumina (for hexanes), or two 
columns of neutral alumina (for THF, CH2Cl2 and pyridine). Deuterated solvents were 
purchased from Cambridge Isotope Laboratories, Inc. and stored over either 3 Å 
molecular sieves or potassium mirror overnight prior to use. Pr(OTf)3, Y(OTf)3 and 
Tb(OTf)3 were purchased from Strem and dried under vacuum at 150 °C for 15 hours. 
RE[N(SiMe3)2]3 (RE = Pr and Y) were prepared following the reported procedure using 
Pr(OTf)3 and Y(OTf)3 respectively.29 The Ce(OtBu)4(py)2,12 1,3,5-tris(2ʹ′-bromophenyl)-
benzene,8 1,3-bis[(2ʹ′-tert-butyl)hydroxyaminophenyl]benzene (H2arene-diNOx),20 2-
methyl-2-nitrosopropane,30, 31 CeIV(arene-diNOx)2,20 4.3–La (in this chapter, the label 
was changed to 5.3–La),20 4.3ʹ′–La (in this chapter, the label was changed to 5.3ʹ′–La)20 
and [nPr4N][BArF4]32 were prepared according to a published literature procedure. 1.6 M 
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nBuLi solution in hexanes was used as received from Acros Organics. AgOTf (Sigma 
Aldrich) was used as purchased. 
5.5.3. Preparation of H3arene-diNOx (5.1) 
In a 500 ml Schlenk flask charged with 1,3,5-tris(2ʹ′-bromophenyl) benzene (1.20 
g, 2.21 mmol) and a stir bar, which had been purged with N2 three times, dry diethyl 
ether was added and cooled to –100 ºC using an ether/dry ice bath. nBuLi in hexane 
solution (4.14 ml, 6.63 mmol, 3.1 equiv) was added dropwise with syringe at –100 ºC and 
the reaction mixture was stirred at –100 ºC for 3 h. 2-methyl-2-nitrosopropane (1.16 g, 
6.63 mmol, 3.1 equiv.) in diethyl ether solution was added by syringe dropwise at –100 
ºC. The reaction mixture was stirred for 18 h slowly warming to room temperature. The 
reaction was quenched with a saturated aqueous NH4Cl solution. The organic layer was 
extracted with Et2O, three times, then dried over MgSO4, and filtered. Volatiles were 
removed under reduced pressure and the product further purified by recrystallization 
from methylene chloride/hexane. The white powder was isolated by filtration and washed 
by hexane. The white powder was dried at 50 ˚C under reduced pressure for 14 h. Yield 
550 mg, 44 %. X-ray quality colorless crystals were isolated from saturated THF at –35 
ºC in the glove box. 1H NMR (300 MHz, benzene-d6) δ: 7.85 (d, 3H), 7.79 (s, 3H), 7.42 
(d, 3H), 7.10 (m, overlapping with C6D6, 6H), 4.40 (–NOH, br, 3H), 1.05 (tBu, s, 27H). 
13C NMR (126 MHz, acetone-d6) δ: (Ar) 149.3, 142.1, 139.9, 131.5, 130.6, 127.8, 127.3, 
126.4, 61.82 (C(CH3)3), 26.45 (C(CH3)3). Melting point: 192.1–193.2 ºC. High res. mass 
spec.: Calc’d 567.346 [M+H]+, Found 568.3486.   
5.5.4. Preparation of Ce(Harene-triNOx)2 (5.2)  
In 20 ml scintillation vial charged with Ce(OtBu)(pyr)1.7 (110.4 mg, 0.195 mmol), 
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1 ml THF and a stir bar, a solution of H3arene-triNOx (221.0 mg, 0.389 mmol) in 1 ml 
THF was added dropwise, while stirring. The reaction was changed color from yellow to 
dark brown-orange solution and stirred 30 min. Volatiles were removed under reduced 
pressure then the crude product was extracted by ~5 ml THF. The solvent was removed 
under reduced pressure. Dark orange crystals were grown from 2 ml THF layered by 10 
ml hexanes. The crystals were isolated by filtration and dried under reduced pressure. 
From this purification step, the product was shown to have the formula Ce(Harene-
triNOx)2!(THF)1.5 by 1H NMR and combustion analysis. Yield 104.9 mg, 40 %. 1H NMR 
(300 MHz, benzene-d6) δ: 8.77 (s, 2H), 7.91–7.85 (m, 4H), 7.63–7.60 (m, 4H), 7.53–7.50 
(m, 2H), 7.39–7.37 (m, 2H), 7.26-7.20 (m, 6H), 7.13–7.07 (m, overlapping with benzene-
d6 4H), 6.82–6.74 (m, 4H), 6.40–6.35 (m, 2H), 4.42 (s, –NOH, 2H), 3.57 (THF), 1.47 
(tBu, s, 18H), 1.42 (THF), 1.08 (tBu, s, 18H), 0.97 (tBu, s, 18H). 13C NMR (126 MHz, 
benzene-d6) δ: (Ar) 149.4, 148.4, 148.1, 143.5, 142.8, 142.1, 139.7, 139.6, 138.5, 132.8, 
132.3, 131.1, 129.5, 129.0, 128.4, 127.5, 127.3, 126.7, 126.4, 126.2, 126.1, 67.84 
(C(CH3)3), 67.50 (THF), 65.17 (C(CH3)3), 61.93 (C(CH3)3), 28.48 (C(CH3)3), 27.43 
(C(CH3)3), 26.09 (C(CH3)3), 25.80 (THF). Anal. Calc’d. as Ce(Harene-
triNOx)2 (THF)1.5: C 67.90; H 7.16; N 6.09 Found : C 67.85; H 7.31; N 5.74. 
5.5.5. Preparation of K(DME)2[Pr(arene-diNOx)2] (5.3ʹ′–Pr).  
In 20 ml scintillation vial charged with H2arene-diNOx (0.321 mmol, 2 equiv) in 
2 ml DME and a stir bar, Pr[N(SiMe3)2]3 (0.161 mmol, 1 equiv) in 2 ml DME was added 
while stirring. The solution was changed to colorless solution to yellow solution and 
stirred 5 min. Then KN(SiMe3)2 (0.161 mmol, 1 equiv) was added as solid and the 
reaction was stirred 4 h. The solvent was concentrated to ~2 ml, while the product was 
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precipitated as pale yellow solid. Then the product was collected on the frit and washed 
by hexanes in order to remove HN(SiMe3)2. Pale yellow crystals were grown from the 
mixture of ~ 1 ml DME and three drops of pyridine layered by 10 ml hexanes. The 
resulting crystals were isolated by filtration and dried under reduced pressure. Yield 
138.4 mg, 77 %. From this purification step, the product was shown to have the formula 
K(DME)1.5[Pr(arene-diNOx)2] by combustion analysis. 1H NMR (300 MHz, pyridine-d5) 
δ: 33.08 (br, 4H), 20.53 (br, 1H), 14.72 (s, 2H), 13.87 (s, 2H), 11.55 (s, 2H), 11.42 (s, 
2H) 10.75 (s, 2H), 9.68 (s, 2H), 3.52 (DME), 3.29 (DME), 2.85 (s, 2H), 2.41 (s, 2H), 1.74 
(s, 2H), 1.11 (s, 1H), –8.60 (s, tBu, 18H), –16.75 (s, tBu, 18H). Anal. Calc’d. as 
K(DME)1.5[Pr(arene-diNOx)2]: C 62.19; H 6.75; N 5.00 Found: C 62.03; H 6.59; N 4.93. 
5.5.6. Preparation of [(py)2K(18-crown-6)][Pr(arene-diNOx)2] (5.3–Pr).  
In 20 ml scintillation vial charged with K(DME)2[Pr(arene-diNOx)2] (5.3ʹ′–Pr) 
(109.0 mg, 0.094 mmol) in ~1 ml pyridine and a stir bar, 1 equiv of 18-crown-6 (24.7 
mg, 0.094 mmol) was added as solid and stirred gently until all solid was dissolved. Then 
the yellow pyridine solution was layered by 10 ml hexanes to grow yellow crystals. The 
resulting crystals were isolated by filtration. Yield 103.8 mg, 78 %. 1H NMR (300 MHz, 
pyridine-d5) δ: 25.69 (br, 2H), 24.81 (br, 4H), 12.18 (s, 2H), 11.88 (s, 2H), 10.66 (s, 2H), 
10.60 (s, 2H), 9.58 (s, 2H), 8.46 (s 2H), 4.72 (s, 2H), 3.60 (s, 2H), 3.52 (s, 18-crown-6, 
24H), 2.40 (s, 2H), –5.07 (s, tBu, 18H), –11.73 (s, tBu, 18H). Anal. Calc’d.: C 63.14; H 
6.73; N 5.97 Found : C 63.13; H 6.59; N 5.81. 
5.5.7. Preparation of K(DME)2[Tb(arene-diNOx)2] (5.3ʹ′–Tb).  
In 20 ml scintillation vial charged with H2arene-diNOx (559.4 mg, 1.320 mmol, 2 
equiv.) in 2 ml DME and a stir bar, Tb(OTf)3 (400 mg, 0.660 mmol, 1 equiv) in 2 ml 
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DME was added while stirring. The solution was changed to colorless solution to yellow 
solution and stirred 10 min. Then KN(SiMe3)2 (526.6mg, 2.640 mmol, 4 equiv) was 
added as solid and the reaction was stirred 6 h. The volatiles were removed under reduced 
pressure. Then the yellow crude dissolved in 10 ml toluene and filtered through a Celite-
packed coarse fritted filter in order to remove K(OTf). The solvent was removed under 
reduced pressure. Pale yellow crystal were grown from ~1 ml DME layered by 10 ml 
hexanes. The crystals were isolated by filtration. Yield 393 mg, 50% yield. 1H NMR (300 
MHz, pyridine-d5) δ: 117.1, 77.4, 53.5, 46.1, 24.5, 19.8, 18.5, 3.68 (DME) & 3.38 
(DME), 0.59, 0.27, –11.9, –20.7, –22.5, –63.8. Anal. Calc’d.: C 61.20; H 6.64; N 4.92 
Found: C 61.13; H 6.67; N 4.85. 
5.5.8. Preparation of [(py)2K(18-crown-6)][Tb(arene-diNOx)2] (5.3–Tb).  
In 20 ml scintillation vial charged with K(DME)2[Tb(arene-diNOx)2] (5.3ʹ′–Tb) 
(200 mg, 0.169 mmol) in 1 ml pyridine and a stir bar, 1 equiv of 18-crown-6 (44.64 mg, 
0.169 mmol) was added as solid and stirred gently until all solid was dissolved. Then the 
yellow pyridine solution was layered by 10 ml hexanes to grow yellow crystals. The 
resulting crystals were isolated by filtration. Yield 155.1 mg, 64 %. 1H NMR (300 MHz, 
pyridine-d5) δ: 91.5, 57.9, 40.3, 39.1, 34.1, 27.9, 24.0, 4.06 (18-crown-6), –13.5, –24.4, –
41.5. Anal. Calc’d.: C 62.35; H 6.65; N 5.90 Found: C 62.18; H 6.57; N 5.77. 
5.5.9. Preparation of K(DME)2[Y(arene-diNOx)2] (5.3ʹ′–Y).  
In 20 ml scintillation vial charged with arene-diNOxH2 (433.2 mg, 0.937 mmol, 2 
equiv) in 2 ml DME and a stir bar, Y[N(SiMe3)2]3 (267.1 mg, 0.469 mmol, 1 equiv) in 5 
ml DME was added while stirring. The solution was changed to colorless solution to 
yellow solution and stirred 5 min. Then KN(SiMe3)2 (93.5 mg, 0.469 mmol, 1 equiv) was 
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added as solid and the reaction was stirred 4 h. Volatiles were removed under reduced 
pressure. Pale yellow crystals were grown from the mixture of 3 ml DME and layered by 
10 ml hexanes. The resulting crystals were isolated by filtration and washed by 10 ml 
hexanes three times to remove HN(SiMe3)2. Yield 252.8 mg, 50 %. 1H NMR (300 MHz, 
pyridine-d5) δ: 9.24 (s, 2H), 8.26 (d, 2H), 7.52–7.47 (m, 4H), 7.39–7.38 (m, 2H), 7.33–
7.29 (m, 6H), 7.24 (m, 2H, overlapping), 7.15–7.11 (m, 2H), 6.98–6.94 (m, 2H), 6.60–
6.56 (m, 2H), 3.51 (DME), 3.28 (DME), 1.51 (s, tBu, 18H), 1.04 (s, tBu, 18H). 13C NMR 
(126 MHz, pyridine-d5) δ: (Ar) 153.58, 152.49, 145.05, 143.17, 139.78, 136.94, 131.67, 
129.01, 128.58, 128.49, 128.10, 127.06, 126.41, 126.27, 125.92, 124.39, 72.51 (DME), 
63.34 (C(CH3)3), 62.62 (C(CH3)3), 59.11 (DME), 28.77 (C(CH3)3), 27.78 (C(CH3)3). 
Anal. Calc’d.: C 64.73; H 7.24; N 5.03 Found : C 64.65; H 7.22; N 4.98. 
5.5.10. Preparation of [(py)2K(18-crown-6)][Y(arene-diNOx)2] (5.3–Y).  
In 20 ml scintillation vial charged with K(DME)2[Y(arene-diNOx)2] (5.3ʹ′–Y) 
(56.3 mg, 0.0506 mmol) in ~1 ml pyridine, 1 equiv of 18-crown-6 (13.4 mg, 0.0506 
mmol) was added as solid and stirred gently until all solid was dissolved. Then the yellow 
pyridine solution was layered by 10 ml hexanes to grow yellow crystals. The resulting 
crystals were isolated by filtration. Yield 46.5 mg, 68 %. 1H NMR (300 MHz, pyridine-
d5) δ: 9.23 (s, 2H), 8.28–8.25 (m, 2H), 7.53–7.46 (m, 4H), 7.41–7.38 (m, 2H), 7.35–7.29 
(m, 4H), 7.26–7.21 (m, 4H, overlapping with pyridine-d5), 7.12–7.08 (m, 2H), 6.99–6.94 
(m, 2H), 6.65–6.60 (m, 2H), 3.46 (18-crown-6, 24H), 1.60 (s, tBu, 18H), 1.09 (s, tBu, 
18H). 13C NMR (126 MHz, pyridine-d5) δ: (Ar) 153.78, 153.23, 150.76, 145.94, 142.84, 
140.38, 139.40, 137.74, 136.49, 132.07, 128.82, 128.68, 128.63, 127.41, 126.88, 125.81, 
125.68, 125.54, 124.52, 122.99, 70.84 (18-crown-6), 63.45 (C(CH3)3), 62.38 (C(CH3)3), 
	   269 
28.97 (C(CH3)3), 27.75 (C(CH3)3). Anal. Calc’d.: C 65.57; H 6.99; N 6.20 Found : C 
65.58; H 7.11; N 6.07. 
5.5.11. Preparation of Tb(arene-diNOx)2 (5.4).  
In dark, in a 20 ml scintillation vial charged with 5.3ʹ′–Tb (331.4 mg, 0.280 
mmol) in 3 ml methylene chloride and a stir bar, AgOTf (72.0 mg, 280 mmol) was added 
as solid. The reaction mixture was stirred 1 h and Ag(0) was precipitated as black solid. 
The reaction was filtered and the orange filtrate was dried under reduced pressure. The 
resulting pale orange solid was redissolved in 10 ml hexanes, filtered and dried under 
reduced pressure. Pale orange crystals were grown from the mixture of 1 ml methylene 
chloride and 2 ml hexanes at –21 ˚C. Yield 99.3 mg, 34 %. 1H NMR silent. Anal. Calc’d. 
as 3!(CH2Cl2): C 60.69; H 5.96; N 5.34 Found : C 60.55; H 5.87; N 5.12. 
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5.6. Crystallographic analysis 
X-ray intensity data were collected on a Bruker APEXII CCD area detector 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
100(1)K. Preliminary indexing was performed from a series of thirty-six 0.5° rotation 
frames with exposures of 10 seconds. Rotation frames were integrated using SAINT,33 
producing a listing of unaveraged F2 and σ(F2) values which were then passed to the 
SHELXTL34 program package for further processing and structure solution. The intensity 
data were corrected for Lorentz and polarization effects and for absorption using 
SADABS.35 The structure was solved by direct methods (SHELXS-9736). Refinement 
was by full-matrix least squares based on F2 using SHELXL-97.36 All reflections were 
used during refinement. Non-hydrogen atoms were refined anisotropically and hydrogen 
atoms were refined using a riding model.  
In the structural characterization of 5.2, there was a region of disordered solvent 
for which a reliable disorder model could not be devised; the X-ray data were corrected 
for the presence of disordered solvent using SQUEEZE37.   
 
Table 5.6.1. Summary of structural determination of compound 5.1, 5.2, 5.3ʹ′–Pr and 
5.3–Pr. 
 5.1 5.2 5.3ʹ′–Pr 5.3–Pr 
Empirical formula C48H69N3O6 C72H86N6O6Ce C63H87N4O8KPr C303H383N23O40K4Pr4 
Formula weight 784.06 1271.59 1208.38 5707.36 
Temperature 100(1) K 100(1) K 100(1) K 100(1) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Rhombohedral Triclinic Triclinic Triclinic 
Space group R3 P1 P1 P1 
Cell constants:     
a 22.8161(10) Å 11.5266(3) Å 12.7775(5) Å 12.1223(5) Å 
b – 17.3016(5) Å 13.3437(5) Å 24.8418(10) Å 
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c 14.7211(8) Å 21.0553(6) Å 19.6456(7) Å 28.1590(11) Å 
α – 93.074(2)° 82.354(2)° 65.602(2)° 
β – 93.705(2)° 78.333(2)° 80.124(2)° 
γ – 98.827(2)° 70.190(2)° 77.713(2)° 
Volume 6636.7(5) Å3 4132.0(2) Å3 3078.7(2) Å3 7512.3(5) Å3 
Z 6 2 2 1 
Density (calculated) 1.177 Mg/m3 1.022 Mg/m3 1.304 Mg/m3 1.262 Mg/m3 
Absorption 
coefficient 0.077 mm
-1 0.595 mm-1 0.914 mm-1 0.762 mm-1 
F(000) 2556 1332 1270 2994 
Crystal size 0.20 x 0.07 x 0.04 mm3 
0.46 x 0.10 x 0.03 
mm3 
0.40 x 0.25 x 0.20 
mm3 
0.22 x 0.08 x 0.04 
mm3 
Theta range for 
data collection 
1.73 to 27.51° 1.59 to 27.51° 1.63 to 27.57° 1.43 to 27.56° 
Index ranges 
-29 ≤ h ≤ 29, 
-29 ≤ k ≤ 29, 
-19 ≤ l ≤ 18 
-14 ≤ h ≤ 14, 
-22 ≤ k ≤ 22, 
0 ≤ l ≤ 27 
-16 ≤ h ≤ 16, 
-17 ≤ k ≤ 17, 
-25 ≤ l ≤ 25 
-15 ≤ h ≤ 15, 
-32 ≤ k ≤ 32, 
-36 ≤ l ≤ 36 
Reflections collected 56138 158685 100217 198417 
Independent 
reflections 
3406 
[R(int) = 0.0574] 
18938 
[R(int) = 0.0518] 
14154  
[R(int) = 0.0177] 
34571  
[R(int) = 0.0278] 
Completeness to 
theta = 27.59° 
100.0 % 99.8 % 99.3 % 99.5 % 
Absorption 
correction 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Semi-empirical 
from equivalents 
Max. and min. 
transmission 0.7456 and 0.7021 0.7456 and 0.6280 0.7456 and 0.6634 0.7456 and 0.7118 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 3406 / 30 / 177 18938 / 0 / 787 14154 / 112 / 729 34571 / 384 / 1757 
Goodness-of-fit on 
F2 
1.012 1.060 1.110 1.061 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0426, 
wR2 = 0.0956 
R1 = 0.0708, 
wR2 = 0.1783 
R1 = 0.0353, 
wR2 = 0.0849 
R1 = 0.0839, 
wR2 = 0.2040 
R indices (all data) 
R1 = 0.0621, 
wR2 = 0.1055 
R1 = 0.0799, 
wR2 = 0.1845 
R1 = 0.0388, 
wR2 = 0.0881 
R1 = 0.0919, 
wR2 = 0.2098 
Largest diff. peak 
and hole 
0.305 and –0.219 
e.Å-3 
 8.530 and -2.216 
e.Å-
3
 
2.314 and -2.625 
e.Å-
3
 
7.077 and -8.990 
e.Å-3 
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Table 5.6.2. Summary of structural determination of compound 5.3ʹ′–Tb, 5.3–Tb and 
5.4. 
 5.3ʹ′–Tb 5.3–Tb 5.4 
Empirical formula C126H174N8O16K2Tb2 C301H381N25O40K4Tb4 C53H62N4O4Cl2Tb 
Formula weight 2452.77 5781.39 1048.89 
Temperature 100(1) K 100(1) K 100(1) K 
Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system Triclinic Triclinic Monoclinic 
Space group P1 P1 P21/n 
Cell constants:    
a 12.804(2) Å 12.0432(4) Å 11.4328(4) Å 
b 13.000(2) Å 24.8248(10) Å 18.0611(6) Å 
c 38.505(6) Å 28.1632(11) Å 23.3466(9) Å 
α 92.574(9)° 65.892(2)° – 
β 95.787(9)° 79.805(2)° 92.092(2)° 
γ 106.729(9)° 77.654(2)° – 
Volume 6088.3(16) Å3 7469.8(5) Å3 4817.6(3) Å3 
Z 2 1 4 
Density (calculated) 1.338 Mg/m3 1.285 Mg/m3 1.446 Mg/m3 
Absorption coefficient 1.286 mm-1 1.061 mm-1 1.628 mm-1 
F(000) 2564 3018 2156 
Crystal size 0.40 x 0.10 x 0.07 mm3 0.10 x 0.08 x 0.07 mm3 0.25 x 0.25 x 0.10 mm3 
Theta range for 
data collection 
1.07 to 27.65° 1.42 to 27.60° 1.43 to 27.56° 
Index ranges 
-16 ≤ h ≤ 16, 
-16 ≤ k ≤ 16, 
-50 ≤ l ≤ 49 
-15 ≤ h ≤ 15, 
-32 ≤ k ≤ 32, 
-36 ≤ l ≤ 36 
-14 ≤ h ≤ 14, 
-23 ≤ k ≤ 23, 
-30 ≤ l ≤ 30 
Reflections collected 146554 258721 82476 
Independent reflections 
27999  
[R(int) = 0.0777] 
34377  
[R(int) = 0.0476] 
11096  
[R(int) = 0.0858] 
Completeness to 
theta = 27.59° 
98.7 % 99.1 % 99.8 % 
Absorption correction Semi-empirical from equivalents 
Semi-empirical from 
equivalents 
Semi-empirical from 
equivalents 
Max. and min. transmission 0.7456 and 0.5511 0.7456 and 0.6738 0.7456 and 0.6451 
Refinement method 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Full-matrix least-
squares on F2 
Data / restraints / 
parameters 27999 / 477 / 1376 34377 / 459 / 1766 11096 / 0 / 590 
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Goodness-of-fit on F2 1.207 1.0641 1.135 
Final R indices 
[I>2sigma(I)] 
R1 = 0.1713, 
wR2 = 0.4040 
R1 = 0.0485, 
wR2 = 0.1354 
R1 = 0.0656, 
wR2 = 0.1483 
R indices (all data) 
R1 = 0.1981, 
wR2 = 0.4214 
R1 = 0.0634, 
wR2 = 0.1459 
R1 = 0.0978, 
wR2 = 0.1635 
Largest diff. peak 
and hole 12.691 and -4.959 e.Å
-3 2.684 and -1.613 e.Å-3 5.753 and -1.661 e.Å-3 
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5.7. Spectroscopic analysis 
 
Figure 5.7.1. 1H NMR spectrum of H3arene-triNOx (5.1) in benzene-d6.  
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Figure 5.7.2. 13C NMR spectrum of H3arene-triNOx (5.1) in acetone-d6 (the residual 
acetone peaks are indicated as *).  
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Figure 5.7.3. 1H NMR spectrum of Ce(Harene-triNOx)2 (5.2) in benzene-d6.  
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Figure 5.7.4. 13C NMR spectrum of Ce(Harene-triNOx)2 (5.2) in benzene-d6. 
 
	   278 
 
 Figure 5.7.5. 1H NMR spectrum of K(DME)2[Pr(arene-diNOx)2] (5.3ʹ′–Pr) in pyridine-
d5. 
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Figure 5.7.6. 1H NMR spectrum of [(py)2K(18-crown-6)][Pr(arene-diNOx)2] (5.3–Pr) in 
pyridine-d5. 
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Figure 5.7.7. 1H NMR spectrum of [(py)2K(18-crown-6)][Tb(arene-diNOx)2] (5.3–Tb) 
in pyridine-d5. Definitive H-NMR peak integration assignments could not be made due to 
fast paramagnetic relaxation and broadening of the proton resonances. 
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Figure 5.7.8. 1H NMR spectrum of K(DME)2[Tb(arene-diNOx)2] (5.3ʹ′–Tb) in pyridine-
d5. Definitive H-NMR peak integration assignments could not be made due to fast 
paramagnetic relaxation and broadening of the proton resonances. 
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Figure 5.7.9. 1H NMR spectrum of [(py)2K(18-crown-6)][Y(arene-diNOx)2] (5.3–Y) in 
pyridine-d5. 
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Figure 5.7.10. 13C NMR spectrum of [(py)2K(18-crown-6)][Y(arene-diNOx)2] (5.3–Y) in 
pyridine-d5. 
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Figure 5.7.11. 1H NMR spectrum of K(DME)2[Y(arene-diNOx)2] (5.3ʹ′–Y) in pyridine-
d5. 
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Figure 5.7.12. 13C NMR spectrum of K(DME)2[Y(arene-diNOx)2] (5.3ʹ′–Y) in pyridine-
d5. *=hexanes. 
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Figure 5.7.13. LMCT band by UV-Vis spectrum of Ce(arene-triNOx)2 (5.2) in 
methylene chloride. 
 
 
 
 
 
Figure 5.7.14. IR spectrum of Ce(arene-triNOx)2 (5.2) in nujol.  
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5.8. Electrochemical analysis 
Cyclic Voltammetry (CV) experiments were performed using a CH Instruments 
620D Electrochemical Analyzer/Workstation and the data were processed using CHI 
software v9.24. All experiments were performed in an N2 atmosphere drybox using 
electrochemical cells that consisted of a 4 mL vial, glassy carbon working electrode, a 
platinum wire counter electrode, and a silver wire plated with AgCl as a quasi-reference 
electrode. The working electrode surfaces were polished prior to each set of experiments. 
Potentials were reported versus ferrocene, which was added as an internal standard for 
calibration at the end of each run. Solutions employed during these studies were ~1 mM 
in analyte and 0.1 M [nPr4N][BArF4] in methylene chloride. All data were collected in a 
positive-feedback IR compensation mode.  
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Figure 5.8.1. Full scan cyclic voltammograms of H3arene-triNOx (5.1) in methylene 
chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν = scan rate). 
 
 
Figure 5.8.2. Left: Isolated [N–OH]/[N–O!] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–OH]/[N–
O!] couple. Cathodic features are shown in blue and anodic features are shown in red. 
Linearity shows that the redox couple is diffusion controlled according to the Randles-
Sevcik equation. 
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Figure 5.8.3. Left: Isolated [N–O!]/[N=O+] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–
O!]/[N=O+] couple. Anodic features are shown in red. Cathodic features could not be 
described due to their irreversibility. Linearity shows that the redox couple is diffusion 
controlled according to the Randles-Sevcik equation.  
 
 
Figure 5.8.4. Differential pulse voltammogram of H3arene-triNOx (5.1) in methylene 
chloride. 
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Figure 5.8.5. Full scan cyclic voltammograms of Ce(Harene-triNOx)2 (5.2) in methylene 
chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν= scan rate). 
  
Figure 5.8.6. Left: Isolated cerium(IV/III) redox couple at varying scan rates. Right: 
Current versus ν1/2 plot from the scan rate dependence of the isolated cerium(IV/III) 
couple. Cathodic features are shown in blue and anodic features are shown in red. 
Linearity shows that the redox couple is diffusion controlled according to the Randles-
Sevcik equation. 
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Figure 5.8.7. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–
O!] couple. Cathodic features are shown in blue and anodic features are shown in red. 
Linearity shows that the redox couple is diffusion controlled according to the Randles-
Sevcik equation. 
 
 
Figure 5.8.8. Differential pulse voltammogram of Ce(Harene-triNOx)2 (5.2) in 
methylene chloride.  
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Figure 5.8.9. Full scan cyclic voltammograms of [(py)2K(18-crown-6)][Pr(arene-
diNOx)2] (5.3–Pr) in methylene chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν = 
scan rate). 
 
 
Figure 5.8.10. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–
O!] couple. Cathodic features are shown in blue and anodic features are shown in red. 
Linearity shows that the redox couple is diffusion controlled according to the Randles-
Sevcik equation. 
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Figure 5.8.11. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–
O!] couple. Cathodic features are shown in blue and anodic features are shown in red. 
Linearity shows that the redox couple is diffusion controlled according to the Randles-
Sevcik equation. 
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Figure 5.8.12. Full scan cyclic voltammograms of [(py)2K(18-crown-6)][Tb(arene-
diNOx)2] (5.3–Tb) in methylene chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν = 
scan rate). 
 
       
Figure 5.8.13. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–
O!] couple. Cathodic features are shown in blue and anodic features are shown in red. 
Linearity shows that the redox couple is diffusion controlled according to the Randles-
Sevcik equation. 
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Figure 5.8.14. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–
O!] couple. Cathodic features are shown in blue and anodic features are shown in red. 
Linearity shows that the redox couple is diffusion controlled according to the Randles-
Sevcik equation. 
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Figure 5.8.15. Full scan cyclic voltammograms of [(py)2K(18-crown-6)][Y(arene-
diNOx)2] (5.3–Y) in methylene chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν = 
scan rate). 
 
  
Figure 5.8.16. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–
O!] couple. Cathodic features are shown in blue and anodic features are shown in red. 
Linearity shows that the redox couple is diffusion controlled according to the Randles-
Sevcik equation. 
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Figure 5.8.17. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current 
versus ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–
O!] couple. Cathodic features are shown in blue and anodic features are shown in red. 
Linearity shows that the redox couple is diffusion controlled according to the Randles-
Sevcik equation. 
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5.9. Computational details 
Gaussian ’09 Rev. A.02 was used in electronic structure calculations.38 The 
B3LYP hybrid DFT method was employed with a 28-electron small core pseudopotential 
on cerium and terbium with published segmented natural orbital basis sets incorporating 
quasi-relativistic effects28 and the 6-31G* basis set on all other atoms. Geometry 
optimizations were carried out starting from the coordinates of the crystal structures. The 
frequency calculations indicated that the geometries were the minima (no imaginary 
frequencies). Molecular orbitals were rendered with the program Chemcraft v1.6 at an 
isovalue of 0.03.39 Natural population analysis was performed using the IOp(6/80 = 1) 
keyword in Gaussian ’09. 
 
Table 5.9.1. Geometry optimized coordinates of compound Tb(arene-diNOx)2]– (5.3––
Tb). 
 
Tb       0.109321009     -0.616513048     -0.416130032  
O        2.171555165     -1.364971105     -0.683398052  
O       -0.619559046      0.951936075     -1.771343137  
O        0.123776010      0.351119027      1.537422117  
O       -1.122760084     -2.328000179     -1.082081081  
N        2.347070177     -2.362519178      0.307673023  
N        0.726655054      1.251298095     -2.166353167  
N       -0.911238069      0.876825069      2.367136181  
N       -2.368734180     -2.036226153     -0.434966033  
C        4.196013320      0.208728016      0.266790020  
C        3.212125243      1.149437089     -0.070660006  
H        2.276380172      1.147832089      0.479827037  
C        3.405184259      2.084304160     -1.089192085  
C        4.658091355      2.137334161     -1.726898132  
H        4.827966369      2.866744217     -2.515308192  
C        5.663870458      1.242271093     -1.369290106  
H        6.630001532      1.285556099     -1.868048141  
C        5.434979390      0.277478021     -0.381816029  
H        6.216503488     -0.431699033     -0.120481009  
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C        3.973517301     -0.737923058      1.407178107  
C        3.104340235     -1.866625141      1.418511110  
C        2.916851223     -2.541272195      2.643525204  
H        2.173134166     -3.328964256      2.675489203  
C        3.623337278     -2.212337167      3.794453288  
H        3.443509265     -2.766498213      4.712974359  
C        4.529294348     -1.151703090      3.768548289  
H        5.084380391     -0.866906065      4.658857355  
C        4.673032357     -0.427095033      2.588353200  
H        5.338628384      0.432594033      2.565419198  
C        2.892552223     -3.601410274     -0.375726029  
C        4.297191328     -3.328170252     -0.948906075  
H        4.273096327     -2.416106186     -1.550688120  
H        4.625585351     -4.163076318     -1.581151118  
H        5.035702386     -3.199445246     -0.148714011  
C        2.947163226     -4.798640366      0.588713044  
H        3.650660277     -4.642745352      1.410905108  
H        3.277449248     -5.684767456      0.033184003  
H        1.958303152     -5.013348383      1.009933076  
C        1.926214145     -3.953915301     -1.521440117  
H        0.887907067     -3.960267301     -1.174709092  
H        2.173977166     -4.947520379     -1.916550146  
H        1.999617152     -3.232033246     -2.335769179  
C        2.310359177      3.041467231     -1.427326108  
C        1.020150076      2.637796199     -1.851428139  
C        0.008583001      3.603053274     -1.972366149  
H       -0.988178075      3.256630251     -2.214691170  
C        0.270563021      4.954863381     -1.771453137  
H       -0.532294039      5.680783439     -1.877174141  
C        1.559560120      5.371003395     -1.432131111  
H        1.779016138      6.424751511     -1.275183098  
C        2.556095195      4.415135337     -1.251430093  
H        3.548553272      4.720291362     -0.928185071  
C        0.873855067      0.906737067     -3.645318280  
C        2.268488175      1.300660098     -4.153783320  
H        2.429294187      2.382775184     -4.121889315  
H        2.366873180      0.980720073     -5.198498396  
H        3.055623236      0.815431062     -3.571461270  
C       -0.209934016      1.596527120     -4.494891345  
H       -1.198112093      1.373379107     -4.086119314  
H       -0.161640012      1.228283092     -5.527201437  
H       -0.074202006      2.683183203     -4.519837348  
C        0.728409054     -0.618880048     -3.771484286  
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H        1.476013113     -1.124010086     -3.150186242  
H        0.888707067     -0.922510068     -4.813564366  
H       -0.268579020     -0.954004073     -3.473285264  
C       -3.522904268      1.798991140      1.550671117  
C       -3.417341260      0.924664068      0.458378035  
H       -2.516436192      0.951434071     -0.145008011  
C       -4.472202341      0.086404007      0.081239006  
C       -5.666780456      0.141020011      0.820949063  
H       -6.497392518     -0.503042038      0.542213044  
C       -5.787396462      1.005961077      1.908137144  
H       -6.715573515      1.035224081      2.475187190  
C       -4.724473360      1.836909140      2.271355173  
H       -4.821581370      2.512523191      3.117994236  
C       -2.397799182      2.740430211      1.819012138  
C       -1.089508083      2.277525173      2.082457157  
C       -0.026501002      3.194661245      2.063670158  
H        0.984512073      2.821185215      2.172043166  
C       -0.258692020      4.558413348      1.905134147  
H        0.579148044      5.251050401      1.898476145  
C       -1.564663119      5.030672382      1.748330134  
H       -1.755014134      6.095157483      1.631104122  
C       -2.618721201      4.122133313      1.688533131  
H       -3.629447275      4.472281342      1.491755115  
C       -0.615378048      0.566895045      3.809059289  
C       -1.698539132      1.217649095      4.687612359  
H       -1.635753124      2.310440178      4.675443357  
H       -1.572374121      0.885602066      5.725533419  
H       -2.699037205      0.925951069      4.351296331  
C       -0.711992055     -0.958232072      3.964575301  
H       -1.705113133     -1.305856100      3.663014279  
H       -0.545202043     -1.246576093      5.010197382  
H        0.039351003     -1.452307110      3.345112253  
C        0.785218058      1.024603076      4.270483329  
H        1.543465120      0.667371051      3.568810272  
H        1.008614075      0.610119047      5.261538403  
H        0.853067064      2.114771159      4.346511330  
C       -4.373462333     -0.731902058     -1.165250091  
C       -3.341911255     -1.664222125     -1.440516110  
C       -3.256904248     -2.220777168     -2.728342210  
H       -2.416672183     -2.872572221     -2.931612225  
C       -4.202867319     -1.939126150     -3.708468282  
H       -4.111328313     -2.392457180     -4.693348360  
C       -5.264798399     -1.078863080     -3.422119259  
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H       -6.011574466     -0.845828067     -4.177636317  
C       -5.331617420     -0.482431037     -2.166178168  
H       -6.116898466      0.238680018     -1.953195147  
C       -2.755677210     -3.259953251      0.376995029  
C       -4.038826309     -2.979669229      1.172275088  
H       -4.900275376     -2.821003215      0.516475039  
H       -3.923776301     -2.098301158      1.808696139  
H       -4.262189327     -3.843422292      1.810585138  
C       -2.951068226     -4.505785342     -0.510634039  
H       -2.068785159     -4.657878355     -1.137989086  
H       -3.830245292     -4.413050337     -1.157083087  
H       -3.088399236     -5.393952436      0.118853009  
C       -1.612615124     -3.527846270      1.367520104  
H       -1.904228143     -4.322969330      2.065350158  
H       -1.394725106     -2.628488199      1.947699149  
H       -0.701042055     -3.833814290      0.850850065  
 
Table 5.9.2. Comparison of calculated and crystallographically determined bond lengths 
and angles in 5.3––Tb. 
 
 Bond lengths (exp.) 
Bond lengths 
(calc’d.) 
Tb(1)–O(1) 2.210(3) 2.2115 
Tb(1)–O(2) 2.219(3) 2.1801 
Tb(1)–O(3) 2.183(3) 2.1973 
Tb(1)–O(4) 2.207(3) 2.2101 
N(1)–O(1) 1.429(4) 1.4340 
N(2)–O(2) 1.451(4) 1.4269 
N(3)–O(3) 1.439(4) 1.4346 
N(4)–O(4) 1.444(4) 1.4171 
O(2)–Tb(1)–O(1) 121.18(10)˚ 128.10˚ 
O(4)–Tb(1)–O(3) 134.46(10)˚ 118.47˚ 
 
Table 5.9.3. Natural charge and MBO analysis of 5.3––Tb. 
 
 Natural charge MBO 
Tb(1) 1.9469  
O(1) –0.7731 0.582699 
O(2) –0.7693 0.582804 
O(3) –0.8022 0.660654 
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O(4) –0.7865 0.578345 
N(1) –0.2106 0.092802 
N(2) –0.2547 0.184381 
N(3) –0.2055 0.049993 
N(4) –0.2346 0.123388 
 
Table 5.9.4. Geometry optimized coordinates of Tb(arene-diNOx)2 (5.4). 
 
Tb       0.091770007     -0.747952057     -0.407323031  
O        2.135229163     -1.343598101     -0.625646050  
O       -0.704409056      0.762956057     -1.684166127  
O        0.259343020      0.462955035      1.476692111  
O       -1.224586096     -2.328013176     -0.965640072  
N        2.432296184     -2.293708176      0.385666030  
N        0.586137047      1.092475085     -2.231476169  
N       -0.633077048      1.016468076      2.332835176  
N       -2.473725190     -2.083667158     -0.306582023  
C        4.226363324      0.301123023      0.102474008  
C        3.199513245      1.192748093     -0.237308018  
H        2.303342176      1.214988090      0.373577029  
C        3.295037253      2.048438156     -1.335859101  
C        4.497109344      2.074261159     -2.065352159  
H        4.598358351      2.745209211     -2.914204225  
C        5.548527439      1.229997092     -1.709950130  
H        6.475872520      1.254508095     -2.276478175  
C        5.415372420      0.341850026     -0.635919047  
H        6.233432451     -0.325341025     -0.378184029  
C        4.082004310     -0.573222042      1.310982103  
C        3.229582245     -1.705699133      1.433563107  
C        3.109588240     -2.317223178      2.697071205  
H        2.396675183     -3.126375239      2.806239212  
C        3.865356297     -1.912927145      3.793466287  
H        3.746858287     -2.421745183      4.746321363  
C        4.749487362     -0.841637063      3.662768281  
H        5.345212407     -0.503617039      4.505938343  
C        4.830107368     -0.182775014      2.438101184  
H        5.484500432      0.679208053      2.336764180  
C        3.005487232     -3.536863270     -0.279883021  
C        4.355623334     -3.229692245     -0.953344073  
H        4.255266324     -2.391188181     -1.647024124  
H        4.705833361     -4.104795313     -1.512844115  
H        5.121228389     -2.976816228     -0.211717016  
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C        3.182773241     -4.668550358      0.746334055  
H        3.934747299     -4.433996336      1.503730116  
H        3.514774269     -5.569329450      0.218625017  
H        2.238204171     -4.901943375      1.250072097  
C        1.991969155     -4.008006307     -1.336208104  
H        0.994820075     -4.125088313     -0.897862071  
H        2.307502176     -4.978574379     -1.734718134  
H        1.921522148     -3.305587253     -2.168689167  
C        2.154356163      2.957744225     -1.653824125  
C        0.854542066      2.504577192     -1.983679154  
C       -0.186631014      3.437309260     -2.108364162  
H       -1.186306091      3.070124232     -2.304015178  
C        0.047830004      4.804534369     -1.982695154  
H       -0.775887059      5.504978427     -2.090533159  
C        1.341016103      5.265684401     -1.728437133  
H        1.541126120      6.329746467     -1.637803125  
C        2.371820183      4.344497334     -1.558036122  
H        3.371554256      4.692342357     -1.312044098  
C        0.598655047      0.713030052     -3.715476282  
C        1.918710147      1.171357087     -4.353717332  
H        2.011773153      2.260855175     -4.373593336  
H        1.948504149      0.815669065     -5.389405428  
H        2.782907211      0.758323058     -3.826721294  
C       -0.590162043      1.322889099     -4.479560344  
H       -1.536012119      1.053236079     -4.003003306  
H       -0.596689047      0.936236074     -5.504793427  
H       -0.521709040      2.413201182     -4.536793346  
C        0.527977040     -0.819069060     -3.802806292  
H        1.371263107     -1.275089100     -3.271760249  
H        0.584274046     -1.132597087     -4.850856370  
H       -0.409040031     -1.208901091     -3.393801259  
C       -3.359470256      1.882945142      1.678773129  
C       -3.334416253      1.017395078      0.575738042  
H       -2.498650190      1.077817082     -0.113737009  
C       -4.401451338      0.155265012      0.289795022  
C       -5.524819399      0.183285014      1.131656088  
H       -6.368181510     -0.469174036      0.922814070  
C       -5.566060404      1.044439078      2.230298168  
H       -6.442054496      1.055856083      2.873318218  
C       -4.494185343      1.896619146      2.503833190  
H       -4.535183345      2.570286195      3.355455256  
C       -2.230061170      2.838554215      1.867985142  
C       -0.900764069      2.408514185      2.063190157  
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C        0.150613011      3.336561257      2.046686156  
H        1.169768090      2.982611227      2.154957166  
C       -0.110448008      4.698855360      1.912599145  
H        0.711499052      5.408672401      1.910256144  
C       -1.429613111      5.143163394      1.793938137  
H       -1.644206128      6.204052477      1.701408130  
C       -2.472180188      4.218268325      1.760623133  
H       -3.493660266      4.558547346      1.615188122  
C       -0.423085032      0.586684047      3.765713290  
C       -1.468831115      1.267538095      4.661608357  
H       -1.344013103      2.353754178      4.688897361  
H       -1.348762104      0.891722070      5.683093456  
H       -2.486665188      1.039576077      4.332370333  
C       -0.621064047     -0.933291070      3.829241294  
H       -1.632518126     -1.199875090      3.507346266  
H       -0.487296037     -1.278688098      4.859787369  
H        0.102587008     -1.455395114      3.198831247  
C        0.997327074      0.954684071      4.240833326  
H        1.752007132      0.537970042      3.569138272  
H        1.164755088      0.545482041      5.243254403  
H        1.130580086      2.039457156      4.298125326  
C       -4.395103338     -0.645318050     -0.973568073  
C       -3.441496264     -1.640536125     -1.292867101  
C       -3.436283265     -2.192849167     -2.584735199  
H       -2.666791202     -2.913900223     -2.830705215  
C       -4.385365333     -1.826383137     -3.535307272  
H       -4.358685333     -2.274019173     -4.525346347  
C       -5.372629398     -0.895088066     -3.205529244  
H       -6.125004456     -0.604080045     -3.933283299  
C       -5.364444402     -0.314398024     -1.939833146  
H       -6.098919457      0.447341034     -1.692737132  
C       -2.861736216     -3.350792257      0.440526033  
C       -4.148029316     -3.086972236      1.237173095  
H       -4.998995382     -2.875972222      0.582781047  
H       -4.024866307     -2.245596174      1.925013146  
H       -4.393738336     -3.978771306      1.824193137  
C       -3.069672236     -4.552968347     -0.501128039  
H       -2.187325165     -4.709680358     -1.128094085  
H       -3.941573300     -4.420850335     -1.148941086  
H       -3.230642245     -5.458862429      0.094357007  
C       -1.727104130     -3.678396282      1.422726108  
H       -2.033508156     -4.503617345      2.075256161  
H       -1.498070116     -2.814550216      2.051339159  
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H       -0.816706062     -3.977201306      0.898338066  
 
Table 5.9.5. Comparison of calculated and crystallographically determined bond lengths 
and angles in 5.4. 
 
 Bond lengths (exp.) 
Bond lengths 
(calc’d.) 
Tb(1)–O(1) 2.147(5) 2.1397 
Tb(1)–O(2) 2.202(5) 2.1324 
Tb(1)–O(3) 2.167(5) 2.1310 
Tb(1)–O(4) 2.353(5)  2.2459 
N(1)–O(1) 1.450(7)  1.4191 
N(2)–O(2) 1.443(7) 1.4400 
N(3)–O(3) 1.440(7)  1.4333 
N(4)–O(4) 1.287(8) 1.3549 
O(2)–Tb(1)–O(1) 120.18(17)˚ 119.52˚ 
O(4)–Tb(1)–O(3) 123.77(19)˚ 131.73˚ 
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5.10. Magnetism  
Magnetic data were collected on a Quantum Design Multi-Property Measurement 
System (MPMS-7) with a Reciprocating Sample Option. Temperature dependence 
measurements were performed under applied 1 T DC fields from 2 to 300 K while field 
dependence measurements were performed at 2 K with varying applied magnetic field 
strengths ranging from 0 to 7 T. Corrections for the intrinsic diamagnetism of the samples 
were made using Pascal’s constants.40 
Each magnetism sample was prepared in the glove box and placed in a heat-
sealed compartment of a plastic drinking straw. The plastic drinking straws were 
evacuated overnight prior to use. These straws were then sealed at one end (~9.5 cm from 
the top) by heating a pair of forceps and crimping the sides of the straw until both sides 
were fused together. Microcrystalline compound (~10 mg) was loaded into the straw and 
capped with ~ 10 mg of Quartz wool (dried at 250 °C prior to use) and packed in tightly 
using a Q-tip. The other end of the plastic drinking straw was then sealed directly above 
the quartz wool, forming a small compartment (< 1 cm). The sample and wool were 
massed four times each to the nearest 0.1 mg and the values used were the averages of 
these mass measurements. 
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Figure 5.10.1. Plot of χT versus T, temperature ranged 2–300 K.  
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Figure 5.10.2. Plot of magnetization versus field. 
 
5.11 References   
1. Sarkar, S.; McGowan, K. P.; Kuppuswamy, S.; Ghiviriga, I.; Abboud, K. A.; 
Veige, A. S., J. Am. Chem. Soc. 2012, 134, 4509-4512. 
2. Sarkar, S.; Abboud, K. A.; Veige, A. S., J. Am. Chem. Soc. 2008, 130, 16128-
16129. 
3. O’Reilly, M. E.; Del Castillo, T. J.; Falkowski, J. M.; Ramachandran, V.; Pati, 
M.; Correia, M. C.; Abboud, K. A.; Dalal, N. S.; Richardson, D. E.; Veige, A. S., J. Am. 
Chem. Soc. 2011, 133, 13661-13673. 
4. Walter, M. D.; Booth, C. H.; Lukens, W. W.; Andersen, R. A., Organometallics 
2009, 28, 698-707. 
	   309 
5. Edelstein, N. M.; Allen, P. G.; Bucher, J. J.; Shuh, D. K.; Sofield, C. D.; 
Kaltsoyannis, N.; Maunder, G. H.; Russo, M. R.; Sella, A., J. Am. Chem. Soc. 1996, 118, 
13115-13116. 
6. Streitwieser, A.; Kinsley, S. A.; Jenson, C. H.; Rigsbee, J. T., Organometallics 
2004, 23, 5169-5175. 
7. Bogart, J. A.; Lippincott, C. A.; Carroll, P. J.; Schelter, E. J., Angew. Chem. Int. 
Ed. 2015, 54, 8222-8225. 
8. Feng, X.; Wu, J.; Enkelmann, V.; Müllen, K., Org. Lett. 2006, 8, 1145-1148. 
9. Stecher, H. A.; Sen, A.; Rheingold, A. L., Inorg. Chem. 1988, 27, 1130-1132. 
10. Steele, L. A. M.; Boyle, T. J.; Kemp, R. A.; Moore, C., Polyhedron 2012, 42, 
258-264. 
11. Arnold, P. L.; Turner, Z. R.; Kaltsoyannis, N.; Pelekanaki, P.; Bellabarba, R. M.; 
Tooze, R. P., Chem. Eur. J. 2010, 16, 9623-9629. 
12. Williams, U. J.; Schneider, D.; Dorfner, W. L.; Maichle-Mossmer, C.; Carroll, P. 
J.; Anwander, R.; Schelter, E. J., Dalton Trans. 2014, 43, 16197-16206. 
13. Dorfner, W. L.; Carroll, P. J.; Schelter, E. J., Dalton Trans. 2014, 43, 6300-6303. 
14. Evans, W. J.; Perotti, J. M.; Doedens, R. J.; Ziller, J. W., Chem. Commun. 2001, 
2326-2327. 
15. Shannon, R. D., Acta Crystallogr., Sect. A 1976, 32, 751-767. 
16. Fujita, J.; Tanaka, M.; Suemune, H.; Koga, N.; Matsuda, K.; Iwamura, H., J. Am. 
Chem. Soc. 1996, 118, 9347-9351. 
17. Okazawa, A.; Nagaichi, Y.; Nogami, T.; Ishida, T., Inorg. Chem. 2008, 47, 8859-
8868. 
	   310 
18. Nishimaki, H.; Mashiyama, S.; Yasui, M.; Nogami, T.; Ishida, T., Chem. Mat. 
2006, 18, 3602-3604. 
19. Palm, A.; Werbin, H., Can. J. Chem. 1953, 31, 1004-1008. 
20. Kim, J. E.; Carroll, P. J.; Schelter, E. J., Chem. Commun. 2015, Manuscript 
Submitted. 
21. Edelmann, A.; Hrib, C. G.; Blaurock, S.; Edelmann, F. T., J. Organomet. Chem. 
695, 2732-2737. 
22. Harman, W. H.; Harris, T. D.; Freedman, D. E.; Fong, H.; Chang, A.; Rinehart, J. 
D.; Ozarowski, A.; Sougrati, M. T.; Grandjean, F.; Long, G. J.; Long, J. R.; Chang, C. J., 
J. Am. Chem. Soc. 2010, 132, 18115-18126. 
23. Vidjayacoumar, B.; Ilango, S.; Ray, M. J.; Chu, T.; Kolpin, K. B.; Andreychuk, 
N. R.; Cruz, C. A.; Emslie, D. J. H.; Jenkins, H. A.; Britten, J. F., Dalton Trans. 2012, 41, 
8175-8189. 
24. Levin, J. R.; Gu, J.; Carroll, P. J.; Schelter, E. J., Dalton Trans. 2012, 41, 7870-
7872. 
25. Korobkov, I.; Gambarotta, S.; Yap, G. P. A., Angew. Chem. Int. Ed. 2002, 41, 
3433-3436. 
26. Gehrhus, B.; Hitchcock, P. B.; Zhang, L., Angew. Chem. Int. Ed. 2004, 43, 1124-
1126. 
27. Murakami, R.; Ishida, T.; Yoshii, S.; Nojiri, H., Dalton Trans. 2013, 42, 13968-
13973. 
28. Dolg, M.; Stoll, H.; Preuss, H., J. Chem. Phys. 1989, 90, 1730-1734. 
	   311 
29. Bradley, D. C.; Ghotra, J. S.; Hart, F. A., J. Chem. Soc., Dalton Trans. 1973, 
1021-1023. 
30. Stowell, J. C., J. Org. Chem. 1971, 36, 3055-3056. 
31. Bogart, J. A.; Lee, H. B.; Boreen, M. A.; Jun, M.; Schelter, E. J., J. Org. Chem. 
2013, 78, 6344-6349. 
32. Thomson, R. K.; Scott, B. L.; Morris, D. E.; Kiplinger, J. L., C. R. Chim. 2010, 
13, 790-802. 
33. Bruker, SAINT. Bruker AXS inc., Madison, Wisconsin, USA: 2009. 
34. Bruker, SHELXTL. Bruker AXS Inc., Madison, Wisconsin, USA 2009. 
35. Sheldrick, G. M., SADABS. University of Gottingen, Germany: 2007. 
36. Sheldrick, G. M., Acta Cryst. 2008, A64, 112-122. 
37. v. d. Sluis, P.; Speck, A. L., Acta. Cryst. 1990, A46, 194. 
38. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, 
H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; 
Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, 
M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery Jr., J. A.; 
Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J.; Brothers, E. N.; Kudin, K. N.; 
Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A. P.; Burant, 
J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, N. J.; Klene, M.; Knox, J. 
E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; 
Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; 
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; 
	   312 
Dapprich, S.; Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; 
Fox, D. J. Gaussian 09, Gaussian, Inc.: Wallingford, CT, USA, 2009. 
39. Zhurko, G. A.; Zhurko, D. A. http://chemcraftprog.com/.  
40. Bain, G. A.; Berry, J. F., J. Chem. Educ. 2008, 85, 532. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   313 
Rare Earth Bidentate Nitroxide Complexes: Syntheses and Characterization ............................. 243 
5.1. Abstract .............................................................................................................................. 243 
5.2. Introduction ....................................................................................................................... 244 
5.3. Results and discussion ....................................................................................................... 245 
5.3.1. Synthesis and structural characterization ................................................................... 245 
5.4. Summary ............................................................................................................................ 262 
5.5 Experimental ....................................................................................................................... 262 
5.5.1 General Methods ......................................................................................................... 262 
5.5.2. Materials ..................................................................................................................... 263 
5.5.3. Preparation of H3arene-diNOx (5.1) ........................................................................... 264 
5.5.4. Preparation of Ce(Harene-triNOx)2 (5.2) ................................................................... 264 
5.5.5. Preparation of K(DME)2[Pr(arene-diNOx)2] (5.3ʹ′–Pr). ............................................. 265 
5.5.6. Preparation of [(py)2K(18-crown-6)][Pr(arene-diNOx)2] (5.3–Pr). ........................... 266 
5.5.7. Preparation of K(DME)2[Tb(arene-diNOx)2] (5.3ʹ′–Tb). ............................................ 266 
5.5.8. Preparation of [(py)2K(18-crown-6)][Tb(arene-diNOx)2] (5.3–Tb). ......................... 267 
5.5.9. Preparation of K(DME)2[Y(arene-diNOx)2] (5.3ʹ′–Y). ............................................... 267 
5.5.10. Preparation of [(py)2K(18-crown-6)][Y(arene-diNOx)2] (5.3–Y). ........................... 268 
5.5.11. Preparation of Tb(arene-diNOx)2 (5.4). ................................................................... 269 
5.6. Crystallographic analysis ................................................................................................... 270 
5.7. Spectroscopic analysis ....................................................................................................... 274 
5.8. Electrochemical analysis ................................................................................................... 287 
5.9. Computational details ........................................................................................................ 298 
5.10. Magnetism ....................................................................................................................... 306 
5.11 References ........................................................................................................................ 308 
 
List of Figures:  
Figure 5.3.1. Thermal ellipsoid plot of H3arene-triNOx (5.1) at 30 % probability. Hydrogen 
atoms and interstitial solvent were omitted for clarity. Selected bond distance (Å): N(1)–O(1) 
1.4544(13). ................................................................................................................................... 246 
Figure 5.3.2. Thermal ellipsoid plot of Ce(Harene-triNOx)2 (5.2) at 30 % probability. Hydrogen 
atoms and interstitial solvent were omitted for clarity. Selected bond distance (Å): Ce(1)–O(1) 
2.221(3), Ce(1)–O(2) 2.221(3), Ce(1)–O(4) 2.223(3), Ce(1)–O(5) 2.215(3), Ce(1)–N(1) 2.622(3), 
Ce(1)–N(2) 2.649(3), Ce(1)–N(4) 2.628(3), Ce(1)–N(5) 2.666(3), N(1)–O(1) 1.445(4), N(2)–O(2) 
1.429(4), N(3)–O(3) 1.464(4), N(4)–O(4) 1.441(4), N(5)–O(5) 1.427(4) and N(6)–O(6) 1.463(4).
 ...................................................................................................................................................... 247 
	   314 
Figure 5.3.3. Cyclic voltammograms of H3arene-triNOx (5.1, top, black plot) and Ce(Harene-
triNOx)2 (5.2) (bottom, purple plot) with 0.1 M [nPr4N][BArF4] in methylene chloride. ............ 248 
Figure 5.3.4. Thermal ellipsoid plots of Ce(arene-diNOx)2 at 30 % probability. Hydrogen atoms 
and interstitial solvent were omitted for clarity. Selected bond distances (Å): Ce(1)–O(1) 
2.2208(15), Ce(1)–(2) 2.2100(15), Ce(1)–O(3) 2.1813(15), Ce(1)–O(4) 2.0940(15), Ce(1)–N(1) 
2.5510(18), Ce(1)–N(2) 2.5976(18), Ce(1)–N(3) 2.5931(18), N(1)–O(1) 1.422(2), N(2)–O(2) 
1.431(2),  N(3)–O(3) 1.439(2) and N(4)–O(4) 1.426(2). ............................................................. 251 
Figure 5.3.5. Thermal ellipsoid plots of K(DME)2[RE(arene-diNOx)2] (5.3ʹ′–RE, RE = Pr (left) 
and Tb (right)) at 30 % probability. Hydrogen atoms and interstitial solvent were omitted for 
clarity. Selected bond distances (Å): (5.3ʹ′–Pr) Pr(1)–O(1) 2.2880(17), Pr(1)–O(2) 2.3216(16), 
Pr(1)–O(3) 2.3413(17), Pr(1)–O(4) 2.2624(16), N(1)–O(1) 1.434(2), N(2)–O(2) 1.438(2), N(3)–
O(3) 1.443(2), N(4)–O(4) 1.439(2), K(1)–O(2) 2.5905(16) and K(1)–O(3) 2.7027(17). (5.3ʹ′–Tb) 
The bond distances of 5.3ʹ′–Tb could not be described accurately due to insufficient quality of the 
structure. ....................................................................................................................................... 251 
Figure 5.3.6. Thermal ellipsoid plots of [(py)2K(18-crown-6)][RE(arene-diNOx)2] (5.3–RE, RE 
= Pr (left) and Tb (right)) at 30 % probability. Hydrogen atoms, [(py)2K(18-crown-6)] and 
interstitial solvent were omitted for clarity. Selected bond distances (Å): (5.3–Pr) Pr(1)–O(1) 
2.288(4), Pr(1)–O(2) 2.302(4), Pr(1)–O(3) 2.266(4), Pr(1)–O(4) 2.283(4), N(1)–O(1) 1.422(6), 
N(2)–O(2) 1.440(5), N(3)–O(3) 1.430(5), N(4)–O(4) 1.439(6), (5.3–Tb) Tb(1)–O(1) 2.210(3), 
Tb(1)–O(2) 2.219(3), Tb(1)–O(3) 2.183(3), Tb(1)–O(4) 2.207(3), N(1)–O(1) 1.429(4), N(2)–O(2) 
1.451(4), N(3)–O(3) 1.439(4), N(4)–O(4) 1.444(4). .................................................................... 252 
Figure 5.3.7. Cyclic voltammograms of [(py)2K(18-crown-6)][RE(arene-diNOx)2] (5.3–RE, RE 
= La, Pr, Y and Tb) and Ce(arene-diNOx)2 with 0.1 M [nPr4N][BArF4] in methylene chloride. 255 
Figure 5.3.8. Thermal ellipsoid plot of Tb(arene-diNOx)2 (5.4) at 30 % probability. Hydrogen 
atoms and interstitial solvent were omitted for clarity. Selected bond distances: Tb(1)–O(1) 
2.147(5) Å, Tb(1)–O(2) 2.202(5) Å, Tb(1)–O(3) 2.167(5) Å, Tb(1)–O(4) 2.353(5) Å, N(1)–O(1) 
1.450(7) Å, N(2)–O(2) 1.443(7) Å, N(3)–O(3) 1.440(7) Å, N(4)–O(4) 1.287(8) Å. ................... 257 
Figure 5.3.9. UV–Vis spectrum of Ce(arene-diNOx)2, 5.3–Ln (Ln = La, Pr and Tb) and 5.4 in 
methylene chloride. ...................................................................................................................... 258 
Figure 5.3.10. Temperature dependent magnetic data of [(py)2K(18-crown-6)][Tb(arene-
diNOx)2] (5.3–Tb) and Tb(arene-diNOx)2 (5.4). ......................................................................... 259 
Figure 5.3.11. (Left) β–HOMO–4 and (Right) β–HOMO of 5.3–Tb. ........................................ 261 
Figure 5.3.12. (Left) β–HOMO–3 and (Right) β–LUMO of 5.4. ................................................ 261 
Figure 5.7.1. 1H NMR spectrum of H3arene-triNOx (5.1) in benzene-d6. ................................... 274 
Figure 5.7.2. 13C NMR spectrum of H3arene-triNOx (5.1) in acetone-d6 (the residual acetone 
peaks are indicated as *). .............................................................................................................. 275 
Figure 5.7.3. 1H NMR spectrum of Ce(Harene-triNOx)2 (5.2) in benzene-d6. ........................... 276 
Figure 5.7.4. 13C NMR spectrum of Ce(Harene-triNOx)2 (5.2) in benzene-d6. .......................... 277 
Figure 5.7.5. 1H NMR spectrum of K(DME)2[Pr(arene-diNOx)2] (5.3ʹ′–Pr) in pyridine-d5. ...... 278 
 Figure 5.7.6. 1H NMR spectrum of [(py)2K(18-crown-6)][Pr(arene-diNOx)2] (5.3–Pr) in 
pyridine-d5. ................................................................................................................................... 279 
	   315 
 Figure 5.7.7. 1H NMR spectrum of [(py)2K(18-crown-6)][Tb(arene-diNOx)2] (5.3–Tb) in 
pyridine-d5. Definitive H-NMR peak integration assignments could not be made due to fast 
paramagnetic relaxation and broadening of the proton resonances. ............................................. 280 
 Figure 5.7.8. 1H NMR spectrum of K(DME)2[Tb(arene-diNOx)2] (5.3ʹ′–Tb) in pyridine-d5. 
Definitive H-NMR peak integration assignments could not be made due to fast paramagnetic 
relaxation and broadening of the proton resonances. ................................................................... 281 
Figure 5.7.9. 1H NMR spectrum of [(py)2K(18-crown-6)][Y(arene-diNOx)2] (5.3–Y) in pyridine-
d5. .................................................................................................................................................. 282 
Figure 5.7.10. 13C NMR spectrum of [(py)2K(18-crown-6)][Y(arene-diNOx)2] (5.3–Y) in 
pyridine-d5. ................................................................................................................................... 283 
Figure 5.7.11. 1H NMR spectrum of K(DME)2[Y(arene-diNOx)2] (5.3ʹ′–Y) in pyridine-d5. ...... 284 
Figure 5.7.12. 13C NMR spectrum of K(DME)2[Y(arene-diNOx)2] (5.3ʹ′–Y) in pyridine-d5. 
*=hexanes. .................................................................................................................................... 285 
Figure 5.7.13. LMCT band by UV-Vis spectrum of Ce(arene-triNOx)2 (5.2) in methylene 
chloride. ........................................................................................................................................ 286 
Figure 5.7.14. IR spectrum of Ce(arene-triNOx)2 (5.2) in nujol. ................................................ 286 
Figure 5.8.1. Full scan cyclic voltammograms of H3arene-triNOx (5.1) in methylene chloride 
with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν = scan rate). ........................................................ 288 
Figure 5.8.2. Left: Isolated [N–OH]/[N–O!] couple at varying scan rates. Right: Current versus 
ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–OH]/[N–O!] couple. 
Cathodic features are shown in blue and anodic features are shown in red. Linearity shows that 
the redox couple is diffusion controlled according to the Randles-Sevcik equation. .................. 288 
Figure 5.8.3. Left: Isolated [N–O!]/[N=O+] couple at varying scan rates. Right: Current versus 
ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O!]/[N=O+] couple. 
Anodic features are shown in red. Cathodic features could not be described due to their 
irreversibility. Linearity shows that the redox couple is diffusion controlled according to the 
Randles-Sevcik equation. ............................................................................................................. 289 
Figure 5.8.4. Differential pulse voltammogram of H3arene-triNOx (5.1) in methylene chloride.
 ...................................................................................................................................................... 289 
Figure 5.8.5. Full scan cyclic voltammograms of Ce(Harene-triNOx)2 (5.2) in methylene chloride 
with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν= scan rate). ......................................................... 290 
Figure 5.8.6. Left: Isolated cerium(IV/III) redox couple at varying scan rates. Right: Current 
versus ν1/2 plot from the scan rate dependence of the isolated cerium(IV/III) couple. Cathodic 
features are shown in blue and anodic features are shown in red. Linearity shows that the redox 
couple is diffusion controlled according to the Randles-Sevcik equation. .................................. 290 
Figure 5.8.7. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current versus 
ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–O!] couple. 
Cathodic features are shown in blue and anodic features are shown in red. Linearity shows that 
the redox couple is diffusion controlled according to the Randles-Sevcik equation. .................. 291 
Figure 5.8.8. Differential pulse voltammogram of Ce(Harene-triNOx)2 (5.2) in methylene 
chloride. ........................................................................................................................................ 291 
Figure 5.8.9. Full scan cyclic voltammograms of [(py)2K(18-crown-6)][Pr(arene-diNOx)2] (5.3–
Pr) in methylene chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν = scan rate). .............. 292 
	   316 
Figure 5.8.10. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current versus 
ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–O!] couple. 
Cathodic features are shown in blue and anodic features are shown in red. Linearity shows that 
the redox couple is diffusion controlled according to the Randles-Sevcik equation. .................. 292 
Figure 5.8.11. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current versus 
ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–O!] couple. 
Cathodic features are shown in blue and anodic features are shown in red. Linearity shows that 
the redox couple is diffusion controlled according to the Randles-Sevcik equation. .................. 293 
Figure 5.8.12. Full scan cyclic voltammograms of [(py)2K(18-crown-6)][Tb(arene-diNOx)2] 
(5.3–Tb) in methylene chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν = scan rate). ..... 294 
Figure 5.8.13. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current versus 
ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–O!] couple. 
Cathodic features are shown in blue and anodic features are shown in red. Linearity shows that 
the redox couple is diffusion controlled according to the Randles-Sevcik equation. .................. 294 
Figure 5.8.14. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current versus 
ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–O!] couple. 
Cathodic features are shown in blue and anodic features are shown in red. Linearity shows that 
the redox couple is diffusion controlled according to the Randles-Sevcik equation. .................. 295 
Figure 5.8.15. Full scan cyclic voltammograms of [(py)2K(18-crown-6)][Y(arene-diNOx)2] (5.3–
Y) in methylene chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν = scan rate). ............... 296 
Figure 5.8.16. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current versus 
ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–O!] couple. 
Cathodic features are shown in blue and anodic features are shown in red. Linearity shows that 
the redox couple is diffusion controlled according to the Randles-Sevcik equation. .................. 296 
Figure 5.8.17. Left: Isolated [N–O–]/[N–O!] couple at varying scan rates. Right: Current versus 
ν1/2 (ν = scan rate) plot from the scan rate dependence of the isolated [N–O–]/[N–O!] couple. 
Cathodic features are shown in blue and anodic features are shown in red. Linearity shows that 
the redox couple is diffusion controlled according to the Randles-Sevcik equation. .................. 297 
Figure 5.10.1. Plot of χT versus T, temperature ranged 2–300 K. .............................................. 307 
Figure 5.10.2. Plot of magnetization versus field. ....................................................................... 308 
 
 
List of Schemes:  
Scheme 5.3.1. Preparation of Ce(Harene-triNOx)2 (5.2). ............................................................ 246 
Scheme 5.3.2. (a) Preparation of Ce(arene-diNOx)2 (b) Preparation of K(DME)2[RE(arene-
diNOx)2 (5.3ʹ′–RE), [(py)2K(18-crown-6)][RE(arene-diNOx)2] (5.3–RE) and Tb(arene-diNOx) 
(5.4). ............................................................................................................................................. 250 
 
 
List of Tables:  
Table 5.3.1. Electrochemical analyses of the ligand redox waves in [(py)2K(18-crown-
6)][RE(arene-diNOx)2] (5.3–RE, RE = La, Pr, Y and Tb) and Ce(arene-diNOx)2. .................... 255 
Table 5.6.1. Summary of structural determination of compound 5.1, 5.2, 5.3ʹ′–Pr and 5.3–Pr. 270 
	   317 
Table 5.6.2. Summary of structural determination of compound 5.3ʹ′–Tb, 5.3–Tb and 5.4. ...... 272 
Table 5.9.1. Geometry optimized coordinates of compound Tb(arene-diNOx)2]– (5.3––Tb). .... 298 
Table 5.9.2. Comparison of calculated and crystallographically determined bond lengths and 
angles in 5.3––Tb. ......................................................................................................................... 301 
Table 5.9.3. Natural charge and MBO analysis of 5.3––Tb. ....................................................... 301 
Table 5.9.4. Geometry optimized coordinates of Tb(arene-diNOx)2 (5.4). ................................. 302 
Table 5.9.5. Comparison of calculated and crystallographically determined bond lengths and 
angles in 5.4. ................................................................................................................................. 305 
 
	   318 
Appendix  
Preparation of Praseodymium Amide Complex and Its 
Characterization 
1. Preparation of Li(THF)[Pr(NiPr2)4] and its characterization 
Tetrakis cerium(III) and cerium(IV) diisopropyl amide complexes, 
Li(THF)[CeIII(NiPr2)4] and CeIV(NiPr2)4 were previously reported by Anwander and 
coworkers.1 Structural characterization of Ce(III) diisopropylamide complex, 
Li(THF)[Ce(NiPr2)4], revealed four diisopropylamides at the cerium cation with one 
lithium cation at the secondary coordination sphere. The tetravalent cerium complex, 
Ce(NiPr2)4 was also obtained using mild oxidant, C2Cl6. The stronger basicity of HNiPr2 
(pKaTHF = ~35.7)2 than HN(SiMe2)2 (pKaTHF = ~25.8)3 or HN(SiHMe2)2 (pKaTHF = 
~22.6)4 could expand the pKa range of coordinating interested functional groups at 
cerium(IV) metal center via protonolysis reactions than Ce[N(SiHMe2)4].1 Moreover, the 
lower price of HNiPr2 versus HN(SiMe3)2, $32.80 for HNiPr2 and $62.30 for HN(SiMe3)2 
(both for 100 ml from Sigma Aldrich as of 7/26/2015) make the former material more 
attractive for use as a protonolysis starting material. Therefore, we were interested in 
expanding the M[(NiPr2)]4 framework to other lanthanide(III) cations to assess the 
stability of the resulting complexes upon oxidation.  
The complex Li(THF)[Pr[N(iPr2)4] (1–Pr) was prepared following a related, 
previously reported procedure, using Pr(OTf)3 (Scheme 1). When a suspended solution of 
Pr(OTf)3 in THF was treated 4 equiv LiNiPr2 solution for 14 h, the reaction mixture 
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turned yellow-orange. After the volatiles were removed under reduced pressure, 
crystallization from pentane at –35 ˚C afforded yellow crystals that were characterized by 
X-ray diffraction. A similar procedure starting from PrCl3 produced only 
(NiPr2)6Pr4Cl5Li2(THF)2 clusters, showing the sensitivity of the corresponding anion at 
the starting material.  
Scheme 1. Preparation of Li[Pr(NiPr2)4] (1–Pr). 
 
 
Figure 1. Thermal ellipsoid plot of Li(THF)[Pr(NiPr2)4] (1–Pr) at 30 % probability. 
Hydrogen atoms were omitted for clarity. Selected bond distances (Å): Pr(1)–N(1) 
2.3080(16), Pr(1)–N(2) 2.2995(16), Pr(1)–N(3) 2.4310(15) and Pr(1)–N(4) 2.4882(16).  
 
The solid state structure of Li(THF)[Pr(NiPr2)4] (1–Pr, Figure 1) was found to be 
isostructural to the reported Li(THF)[Ce(NiPr2)4], where the lithium cation was present in 
the secondary coordination sphere, interacting with two diisopropyl amide ligands. The 
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bond distances of Pr(1)–N(3) 2.4310(15) Å and Pr(1)–N(4) 2.4882(16) Å were elongated 
compared to those of Pr(1)–N(1) 2.3080(16) Å and Pr(1)–N(2) 2.2995(16) Å, due to the 
interaction with the Lewis acidic lithium cation. An attempt to sequester the Li+ cation 
using 12-crown-4 resulted in free diisopropyl amine, as detected by 1H NMR 
spectroscopy. 
 
Figure 2. 1H NMR spectrum of 1–Pr in benzene-d6. 
 
1H NMR spectroscopy of 1–Pr revealed 6 broad resonances including THF, 
however, due to fast relaxation, integration of the peaks were not well matched with the 
expected value (Figure 2). In contrast, the 7Li NMR spectrum exhibited a 
paramagnetically shifted singlet at +113.66 ppm, indicating the close proximity to the 
Pr(III) metal center in solution (Figure 3).  
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Figure 3. 7Li NMR spectrum of 1–Pr in benzene-d6. 
 
Because of our interest in investigating how much the diisopropylamide ligand 
framework stabilizes the tetravalent state, the cyclic voltammetry was performed, along 
with the yellow La analogue, Li(THF)[La(NiPr2)4] (1–La), which was prepared in an 
identical fashion (Figure 4). The CV of Li(THF)[La(NiPr2)4] (1–La) did not show any 
redox waves. In contrast, complex 1–Pr exhibited one redox couple at –0.94 V versus 
Fc/Fc+. The cyclic voltammogram of Li[Ce(NiPr2)4] complex was measured from our 
group (Jessica R. Levin), and an identical redox couple at –0.85 V versus Fc/Fc+ was 
observed. Chemical oxidation of Li[Ce(NiPr2)4] and isolation of CeIV(NiPr2)4 proved the 
assignment of the CV.   
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Figure 4. Top: Full scan cyclic voltammograms of Li(THF)[Pr(NiPr2)4] (1–Pr) in 
methylene chloride with 0.1 M [nPr4N][BArF4] at ν =100 mV/s (ν = scan rate). Bottom 
left: Isolated ligand redox couple at varying scan rates. Bottom right: Current versus ν1/2 
plot from the scan rate dependence of the isolated ligand redox couple. Cathodic features 
are shown in blue and anodic features are shown in red. Linearity shows that the redox 
couple is diffusion controlled according to the Randles-Sevcik equation. 
 
Therefore, in order to identify the cause of reversible redox wave, chemical 
oxidation of 1–Pr was performed. Chemical oxidation of Li[Pr(NiPr2)4] (1–Pr) by 
treating Ph3CCl resulted in isolation of only Gomberg’s dimer. 
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Figure 5. 1H NMR spectrum of the reaction, treating 1–Pr with Ph3CCl in methylene 
chloride.  
 
1H NMR spectroscopy (Figure 5) showed broad 1H resonances (–6.23 ppm and –
9.06 ppm at Figure 5) that did not correspond to Li[Pr(NiPr2)4] (1–Pr) along with 
Gomberg’s dimer and large free HNiPr2 (3.26 ppm and 1.14 ppm at Figure 5), however, 
after crystallization, only Gomberg’s dimer was obtained. One possible scenario in this 
oxidation chemistry would be upon the removal of an electron from one of the –NiPr2 
groups, Gomberg’s dimer would form with H-atom transfer to the aminyl radical from 
solvent and production of Pr(NiPr2)3. Thus, we could conclude that the redox activity at 
1–Pr could be attributed to ligand based oxidation and generation of aminyl radical.  
2. Conclusions 
We prepared Li(THF)[Pr(NiPr2)4] (1–Pr) following a similar reported procedure 
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and structurally characterized the compound. The solid state structure was isostructural to 
the cerium complex Li(THF)[Ce(NiPr2)4] that was previously reported.1 Electrochemical 
analysis revealed one redox waves at –0.94 V versus Fc/Fc+, which was assigned to the 
generation of ligand based aminyl radical. Chemical oxidation of 1–Pr resulted in the 
production largely Gomberg’s dimer, proved the assignment of the electrochemistry. The 
metal-based product was not identified. 
3. Experimentals  
3.1 General methods  
All reactions and manipulations were performed under an inert atmosphere (N2) 
using standard Schlenk techniques or in a Vacuum Atmospheres, Inc. Nexus II drybox 
equipped with a molecular sieves 13X / Q5 Cu-0226S catalyst purifier system. Glassware 
was oven-dried overnight at 150 °C prior to use. 1H NMR and 7Li NMR were obtained on 
a Bruker UNI-400 Fourier transform NMR spectrometer at 400 MHz and 155 MHz, 
respectively. Chemical shifts were recorded in units of parts per million downfield from 
residual proteo solvent peaks (1H) or characteristic solvent peaks (13C{1H}).  
3.2. Materials 
THF, CH2Cl2, and n-pentane were purchased from Fisher Scientific. These 
solvents were sparged for 30 min with dry argon and dried using a commercial two-
column solvent purification system comprising columns packed with Q5 reactant and 
neutral alumina respectively (for n-pentane), or two columns of neutral alumina (for 
THF, CH2Cl2). Deuterated solvents were purchased from Cambridge Isotope 
Laboratories, Inc. and stored over either 3 Å molecular sieves or potassium mirror 
overnight prior to use. La(OTf)3 and Pr(OTf)3 was purchased from Strem Chemicals, Inc. 
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and dried under vacuum at 150 °C for 12 hours before use. The supporting electrolyte, 
[nPr4N][B(3,5-(CF3)2-C6H3)4], was also prepared according to literature procedures.5 1.5 
M (THF)LiNiPr2 in cyclohexane (Acros organics), Ph3CCl (Acros organics) were used as 
received from Acros Organics. 
3.3. Crystallographic analysis 
X-ray intensity data were collected on a Bruker APEXII CCD area detector 
employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
100(1) K. Preliminary indexing was performed from a series of thirty-six 0.5° rotation 
frames with exposures of 10 seconds. Rotation frames were integrated using SAINT,6 
producing a listing of unaveraged F2 and σ(F2) values which were then passed to the 
SHELXTL7 program package for further processing and structure solution. The intensity 
data were corrected for Lorentz and polarization effects and for absorption using 
SADABS.8 The structure was solved by direct methods (SHELXS-979). Refinement was 
by full-matrix least squares based on F2 using SHELXL-97.9 All reflections were used 
during refinement. Non-hydrogen atoms were refined anisotropically and hydrogen atoms 
were refined using a riding model. 
Table 3.3.1. Summary of structural determination of compound 1–Pr. 
 1–Pr 
Empirical formula C28H64N4OLiPr 
Formula weight 620.68 
Temperature 100(1) K 
Wavelength 0.71073 Å 
Crystal system Monoclinic 
Space group P21/c 
Cell constants:  
a 15.2083(4) Å 
b 21.0827(5) Å 
c 21.2130(6) Å 
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α – 
β 95.2740(10)° 
γ – 
Volume 6772.8(3) Å3 
Z 8 
Density (calculated) 1.217 Mg/m3 
Absorption 
coefficient 1.462 mm
-1 
F(000) 2640 
Crystal size 0.25 x 0.18 x 0.10 mm3 
Theta range for 
data collection 
1.36 to 27.55° 
Index ranges 
-19 ≤ h ≤ 19,  
-27 ≤ k ≤ 27,  
-27 ≤ l ≤ 27 
Reflections collected 90327 
Independent 
reflections 
15626  
[R(int) = 0.0251] 
Completeness to 
theta = 27.59° 
99.9 % 
Absorption correction 
Semi-empirical 
from equivalents 
Max. and min. 
transmission 0.7456 and 0.6812 
Refinement method Full-matrix least-squares on F2 
Data / restraints / 
parameters 15626 / 0 / 664 
Goodness-of-fit on F
2
 1.034 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0224,  
wR2 = 0.0473 
R indices (all data) 
R1 = 0.0316,  
wR2 = 0.0508 
Largest diff. peak 
and hole 
1.233 and -0.841 
e.Å-3 
 
3.4. Electrochemistry 
Cyclic Voltammetry experiments (CV) were performed using a CH Instruments 
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620D Electrochemical Analyzer/Workstation and the data were processed using CHI 
software v9.24. All experiments were performed in an N2 atmosphere drybox using 
electrochemical cells that consisted of a 4 mL vial, glassy carbon working electrode, a 
platinum wire counter electrode, and a silver wire plated with AgCl as a quasi-reference 
electrode. The working electrode surfaces were polished prior to each set of experiments. 
Potentials were reported versus ferrocene, which was added as an internal standard for 
calibration at the end of each run. Solutions employed during these studies were ~1 mM 
in analyte and 0.1 M [nPr4N][BArF4] (BArF4= (3,5-(CF3)2-C6H3)4) in methylene chloride. 
All data were collected in a positive-feedback IR compensation mode. 
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